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As atuais políticas ambientais visam diminuir os níveis de elementos vestigiais 
potencialmente tóxicos nos ecossistemas aquáticos e promover a reutilização 
da água após o tratamento adequado das águas residuais. O crómio é um 
elemento de risco presente nos efluentes de várias indústrias, cujos níveis 
devem ser reduzidos para alcançar os objetivos destas políticas. Nos últimos 
anos foram desenvolvidos novos materiais e técnicas de baixo custo e alta 
eficiência para a remoção de crómio. A maior parte do trabalho de investigação 
realizada diz respeito ao uso de nanomateriais para sorção de crómio a partir de 
soluções sintéticas, monoelementares e com concentrações irrealistas deste 
elemento (já que concentrações muito altas permitem que os procedimentos 
experimentais não tenham problemas com contaminação ou quantificação). 
Este trabalho compila os trabalhos publicados até à data sobre a aplicação de 
vários nanomateriais no tratamento de águas contaminadas com crómio. Com 
base nesta revisão de literatura, foram identificados os principais fatores que 
influenciam a eficiência de remoção, assim como as lacunas de conhecimento. 
Os nanomateriais magnéticos têm ganho interesse como sorventes por 
permitirem a remoção dos contaminantes das águas por separação magnética. 
Neste trabalho, foram sintetizadas NPs de magnetite, ferrite de manganês e 
ferrite de cobalto. As NPs magnéticas foram caracterizadas através de várias 
técnicas como: DRX, FTIR, TEM/STEM, análise química, método BET, estudos 
magnéticos e ponto isoelétrico.  
Das condições estudadas, verificou-se uma eficiente remoção de Cr(III) com 
CoFe2O4 (percentagens de remoção superiores a 95%) no caso em que a 
remoção ocorreu a pH 6 (a partir de água salina e água salina contendo matéria 
orgânica dissolvida) e a pH 10 (a partir de água ultra-pura, água mineral, água 
salina e água salina contendo matéria orgânica dissolvida). Este material 
mostrou-se promissor para o tratamento de águas residuais e efluentes 
industriais. A cinética dos processos de remoção foi avaliada recorrendo a três 
modelos cinéticos de adsorção: pseudo-1ª ordem, pseudo-2ª ordem e Elovich, 
avaliando-se qual o modelo matemático que descrevia melhor os dados 



































Current environmental policies aim to reduce the levels of toxic substances in 
aquatic ecosystems and to promote the water reuse after appropriate treatment 
of wastewaters. Chromium is a hazard element present in effluents of various 
industries that should be reduced to achieve the objectives of these policies. New 
materials and low-cost techniques of high efficiency in the removal of chromium 
have been developed in the recent years. Most of the reported research 
concerns the use of surface functionalized nanomaterials for sorption of 
chromium dissolved either in synthetic or mono-elemental spiked solutions, and 
with unrealistic concentrations of chromium (since very high concentrations allow 
experimental procedures not to have problems with contamination or 
quantification). The present work compiles the research undertaken so far on the 
application of various nanomaterials in the treatment of chromium contaminated 
waters. On the basis of this literature review, major factors influencing the 
removal efficiency are examined and gaps of knowledge are identified. 
Magnetic nanomaterials have gained interest as sorbents by allowing the 
removal from the water of the materials containing contaminants by magnetic 
separation. In this work, magnetite, manganese ferrite and cobalt ferrite NPs 
were synthesized. The NPs were characterized using various techniques as 
follows: XRD, FTIR, TEM/STEM, Chemical Analysis, BET Method, Magnetic 
Studies and Isoelectric Point.  
Chromium removal by CoFe2O4 NPs with percentages above 95% was verified 
for the removal at pH 6 (from saline water and saline water with dissolved organic 
matter) and pH 10 (from ultra-pure, mineral, saline water and saline water with 
dissolved organic matter). This material proved to be promising for the treatment 
of wastewaters and industrial effluents. The kinetics of these adsorption 
experiments was evaluated using three kinetic adsorption models: pseudo-1st 
order, pseudo-2nd order and Elovich, evaluating which one of these mathematical 
models has a better adjustment to the experimental data. It was concluded that 
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Present life style requires the exploitation of Earth's resources beyond their sustainability 
causing the reduction or depletion of limited resources (Kitzes et al., 2008). Concerns about 
environmental issues started with the Industrial Revolution, discharge of industrial effluents, 
either inadequately treated or untreated, into aquatic systems leading to the increase of 
hazardous inorganic and organic contaminants in natural waters such as in rivers, lakes, 
estuaries and coastal areas (Verdonschot et al., 2013). Because of the non-degradation 
character of many contaminants, they are transfer to the food chains with impact on the 
ecosystem services and reducing the resource safety (Jin et al., 2016; Thekkudan et al., 
2016). Volume of dumped debris in water systems increased with the urbanization often 
surpassing the self-cleaning capacity and purification of aquatic systems. These discharges 
may increase in the future as population tends to migrate and concentrate in urban areas, as 
response to modern life and adversities related to climate changes. 
Trace elements have been removed from wastewaters by conventional methods, such as 
chemical precipitation, ion exchange, membrane filtration, coagulation/flocculation and 
electrochemical treatment (Fu and Wang, 2011). However, these methods have little 
efficiency, produce large volume of wastes, and some of them are expensive. Alternatives 
for treatment of water contaminated by metals are sorption methods (Kurniawan et al., 
2006). Efficiency of sorption can be influenced by pH, temperature, amount of sorbent, 
initial metal concentration, and the presence of other contaminants (Babel and Kurniawan, 
2003; Dubey et al., 2016; Valle et al., 2017). Since sorption is mainly a surface phenomenon 
(mentioned as adsorption in literature), sorbents must have a high surface area per unit mass; 
this process can be more or less effective depending on the specific surface area (m2/g), 
porosity, temperature and pore distribution size. Nanomaterials, i.e., materials and structures 
with at least one dimension of 1-100 nm (Francisquini et al., 2014), tend to exhibit unique 
physical and chemical properties. For example, its mechanical, optical, magnetic and 
chemical properties, which depend heavily on shape, size, surface characteristics and inner 
structure are much different from those of particles and macroscopic surfaces of similar 
composition due to size effects and surface (Martins and Trindade, 2012; Quina, 2004; 
Trindade and Thomas, 2013). We are in the presence of a nanoparticle when this rule is 
found for the three dimensions (ISO, 2012). Most chemical reactions of the contaminants 
occur in the surface of the material, hence higher surface area to volume ratio of 
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nanomaterials leads to much higher chemical activity. So, it is not necessary a large amount 
of material to remove efficiently a relatively large amount of contaminants. Moreover, it is 
possible to coat nanomaterials with several types of specific ligands to increase the affinity 
for target compounds. Adsorption is hence favoured in nanomaterials due to their catalytic 
potential, high reactivity promoting a fast sorption kinetics, large surface area, easy 
separation, and considerable number of active sites for interactions with contaminants 
(Lopes et al., 2013).  
Chromium is among the most toxic trace elements released to surface and ground waters due 
to its widespread use in industrial applications such as leather tanning, metallurgy, 
electroplating and refractory (Jin et al., 2016; Lin, 2002). Investigations have been carried 
out to illustrate and remediate the chromium-bearing contamination, as indicated from the 
significantly increase of published articles about chromium toxicity over the last 10 years 
(Jin et al., 2016).  
The main objective of this research work is to study the application of magnetic 
nanoparticles in the treatment of chromium-contaminated waters, so this element will be 
discussed in more detail in the next Chapters.  
In this work the problematic related with the discharge to the environment of the trace 
element chromium will be evaluated, mainly the processes to remove this element from 
contaminated waters using different nanomaterials and laboratory conditions. 
 
1.2. Methods towards the removal of trace elements from contaminated waters 
There is a need to improve the ecological state of waters. In this way, depending on the type 
of contaminant, the level of pollution, and the resources and expertise available, there are 
several conventional methods for potential toxic trace elements removal from wastewaters 
(Fu and Wang, 2011), including chemical precipitation, ion exchange, membrane filtration, 
coagulation/flocculation and electrochemical treatment.  
The conventional methods are cheap but little effective, or efficient and expensive, or 
efficient at high metal concentrations but inefficient for more realistic concentrations, or 
usually difficult to apply due to the large volume of waste produced during treatment 
(Figueira, 2010). Then, sorption has been the most recognized and alternative method for 




1.2.1. Sorption mechanisms towards the removal of trace elements from 
contaminated waters 
Removal of trace elements from contaminated waters by sorption methods corresponds to 
the transfer of the sorbate from the liquid fraction to the surface of the sorbent. This process 
has similarities with ion exchange process in the way they can be grouped as sorption 
processes, since both consist in contaminant removal through its transportation from the 
solution to the surface of a solid material. Depending on the attractive forces between the 
sorbent and the sorbate, this becomes bound by physical (physiosorption) and/or chemical 
(chemisorption) interactions (Kurniawan et al., 2006). While in the physiosorption the 
sorbate bonds to the sorbent surface by weak forces, such as Van der Waals interactions, 
which is a reversible process, the chemisorption is frequently irreversible due to the presence 
of strong chemical bonds between the sorbent and the sorbate. Sorption process is hence 
efficient, easy to use, and economically more favourable than many other methods. In 
addition, in certain conditions sorption is reversible, and thus sorbents can be regenerated by 
suitable desorption process. A large variety of sorbents are available to remove trace 
elements from waters (Fu and Wang, 2011), including nanomaterials with various types of 
coatings and chemical functionalizations (Batool et al., 2014; Hua et al., 2012; Thekkudan 
et al., 2016; Xu et al., 2012). Sorption mechanisms by a nanomaterial sorbent are a function 
of various factors, such as the characteristics of the sorbent and sorbate and the physical-
chemical conditions (Lopes et al., 2013). Various studies concerning the sorption process 
dependence upon the experimental parameters have been reported in the literature (Babel 
and Kurniawan, 2003; Dubey et al., 2016; Valle et al., 2017). About pH, it has been found 
that the optimum pH value is specific for each sorbate, since the pH of solution affects the 
surface charge of both sorbate and sorbent, and its interaction will only be promoted if they 
have opposite charge; for temperature, in general, higher temperatures favour the metal ions 
uptake and this may be indicative of chemisorption (Gode, 2007); in relation to the amount 
of sorbent, the sorption rate decreases with the decrease of mass of sorbent per volume of 
solution ratio because this leads to the saturation of the specific sites due to the excess 
amount of metal ions per amount of sorbent; lastly, the initial metal concentration is 
inversely proportional to the removal percentage: for the same conditions, as higher the 
initial concentration, lower is the ratio between free sites on the sorbent surface and metal 
ions and, consequently, the contaminant removal decreased. Regarding the presence of other 
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contaminants, in general, waters and effluents are constituted by varied species, pollutant or 
not, that can interfere with sorption because of the competition for sorption sites.  
Results of sorption experiments are usually fitted to mathematical models to obtain 
information about the sorbent performance.  
 
Kinetic models – The sorption kinetics reflects the speed that the sorbate is removed by the 
sorbent, from the moment they come into contact (t0) until the moment at which the sorbent 
cannot retain more sorbate, i.e., the equilibration time (te). Within this period, the 
concentration of sorbate on the sorbent material (qt) progressively increases as concentration 
in the liquid fraction (Ct) decreases relative to the initial value (C0). When equilibrium is 
attained, the sorbate concentration on the sorbent achieves its maximum (qe), while the 
concentration of free sorbate is in its minimum (Ce). The total amount of sorbate retained by 
the sorbent material in a certain time t (qt) and when equilibrium is attained (qe) can be 
determined from the following mass balance equations: 
 𝑞௧ =
(𝐶଴ −  𝐶௧)
m
∗ 𝑉 (1) 
 𝑞௘ =
(𝐶଴ −  𝐶௘)
m
∗ 𝑉 (2) 
where m is the mass of sorbent existing in a given volume V of solution.  
Among the various kinetic models available in the literature, the kinetic models of pseudo 
1st order (or model of Lagergren) and pseudo 2nd order are two simple mathematical models, 
widely used. The pseudo 1st order model is expressed by the following equations: 
 𝑑𝑞௧
dt
= 𝑘ଵ(𝑞௘ − 𝑞௧)
௜௡௧௘௚௥௔௧௜௢௡
௧ୀ଴(௤೟ୀ଴) ௧௢ ௧ୀ௧(௤೟ୀ௤೟) ሳልልልልልልልልልልልልልልልልልልሰ 𝑞௧ = 𝑞௘(1 − 𝑒ି௞భ௧) (3) 
where k1 (1/h) is the rate constant of the model. This model has the disadvantage of not to 
adjust well to the experimental data particularly near the equilibrium (Figueira et al., 2011; 
Lopes et al., 2013; Tavares et al., 2014).  
 
The pseudo 2nd order model generally adjusts better to the experimental data throughout the 
entire period of the sorption process (Figueira et al., 2011):  
 𝑑𝑞௧
dt
= 𝑘ଶ(𝑞௘ − 𝑞௧)ଶ
௜௡௧௘௚௥௔௧௜௢௡








Another common kinetic model is the Elovich’s model firstly used to describe the sorption 
of gas onto solid systems. However, more recently, this model has also been applied to the 
sorption processes of contaminants from aqueous solutions (Qiu et al., 2009). This model is 





௧ୀ଴(௤೟ୀ଴) ௧௢ ௧ୀ௧(௤೟ୀ௤೟) ሳልልልልልልልልልልልልልልልልልልሰ 𝑞௧ = ൬
1
𝛽
൰ ln (1 + αβt) (5) 
where α and β are, respectively, the initial sorption rate, and the desorption constant. 
 
In order to evaluate the effectiveness of the process, the removal percentages are calculated 
using the equation 6. The variation of ion concentration along the contact time with the 
sorbent material are expressed in terms of normalized concentrations (equation 7), which 
allows the comparison of the removal by various sorbates for a given sorbent, or using the 
same sorbate but different sorbents, regardless of the initial sorbate concentration. 
 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
(𝐶଴ − 𝐶௧)
𝐶଴
∗ 100 (6) 





1.3. Specificity of nanomaterials as sorbents 
In this research work the main focus will be the use of magnetic nanoparticles to improve 
the quality of waters contaminated with chromium and so a special attention is addressed to 
this topic. 
Nanomaterials have been explored in three main environmental issues (Quina, 2004): i) 
prevention of contamination or indirect harm to the environment, using catalytic 
nanomaterial that increases the efficiency and the selectivity of industrial processes; ii) 
wastewater treatment, using nanoparticles to sorb trace elements and organic substances; iii) 
detection and monitoring of contamination, using selective and sensitive sensors. 
Nanomaterials should satisfy some criteria to be used as sorbents for toxic trace elements 
removal from wastewater (Wang et al., 2012): nontoxic; high sorption capacities and 
selectivity to the low concentration of contaminants; easy removal of the sorbed contaminant 
from the surface of the nanomaterial; recycled. Until now, a variety of nanomaterials such 
as carbon nanotubes, carbon based material composites, graphene, nano metal or metal 
oxides, and polymeric sorbents fulfil these criteria and have been studied in the removal of 
toxic trace elements from aqueous solutions (Wang et al., 2012).  
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The association of sorption ability and magnetic properties in certain nanomaterials have 
also been explored in the past years envisaging a new class of nanosorbents (Mokadem et 
al., 2016; Zhang et al., 2016). Magnetic nanosorbents offer the great advantage of allowing 
fast recovery by employing magnetic separation technologies. A number of nanosorbents 
comprising magnetite nanoparticles have been reported by laboratories where this work was 
performed, which include core/shell nanoparticles for the removal of trace metal ions 
(Tavares et al., 2013) and magnetic bionanocomposites for the removal of organic 
contaminants (Fernandes et al., 2017; Salgueiro et al., 2013). This type of nanotechnology 
is of particular relevance for water purification processes that occur in closed systems such 
as in water treatment units. The successful implementation of magnetic nanosorbents 
depends, among other factors, on their efficiency for the selective uptake of contaminants, 
which requires further developments concerning the type of surface chemistry involved. 
Eventhough several materials can be used to requalify contaminated waters, the use of 
magnetic nanoparticles with a core of ferrite have several advantages and will be further 
explored in this research work. 
 
1.3.1. Magnetic nanoparticles 
The magnetic nanoparticles have had a growing interest, mainly because of its affordable 
price and to the ease and speed of separation from aqueous solutions using an external 
magnetic field. 
 
Synthesis – Particles can be prepared with high control of size and/or morphology by the 
concerted interaction of atoms or molecules during the synthesis process. By adjusting the 
experimental variables – such as reagent concentration, temperature, pH, presence of 
additives, properties of the solvent, addition of nucleating seeds – the characteristics of 
colloidal particles formed from homogeneous solutions in a liquid phase can be easily 
manipulated, which is particularly interesting. The influence of these factors during the 
nucleation and growth processes of the particles will affect the size and/or morphology of 
the final particles (Martins and Trindade, 2012). 
Because of its convenient magnetic properties, low toxicity, low cost, high specific surface 
area and capacity for chemical surface modification, one of the magnetic sorbent that most 
has attracted the attention of the scientific community is magnetite (Fe3O4). For these 
reasons, it will be one of the materials covered in this work. The most common method for 
obtaining Fe3O4 is the co-precipitation from aqueous Fe2+/Fe3+ salt solutions under basic 
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conditions (using NaOH aqueous solutions) because of its simplicity and efficiency (Carlos 
et al., 2013). This process is described by the follow chemical equation (Gupta and Gupta, 
2005; Martins and Trindade, 2012): 
 
Provided that the molar ratio Fe3+/Fe2+ is 2:1 and the atmosphere is non-oxidizing (which 
can be achieved by bubbled nitrogen into the solution to remove oxygen), a complete 
precipitation of Fe3O4 should be expected in an alkaline medium according to 
thermodynamics of this reaction. Bubbling nitrogen gas not only protects critical oxidation 
of the magnetite but also reduces the particle size (Gupta and Gupta, 2005). This method is 
advantageous, mainly due to its simplicity and the possibility of obtaining large amounts of 
material by environment friends processes (Martins and Trindade, 2012). 
 
Structural characterization Depending on their structure and chemical composition, 
magnetic nanoparticles can achieve different properties, which can be determined using 
different methodologies (Table I). 
 
Table I - Techniques for nanoparticles characterization. 
Technique Studied characteristic of nanoparticles 
Transmission Electron 
Microscopy (TEM) Size and shape of particle 
Scanning Electron 
Microscopy (SEM) Size and morphology of particle 
Dynamic Light Scattering 
(DLS) Average particle size; overall charge on the nanoparticle 
X-ray Diffraction (XRD) Crystalline structure; particle size  
Brunauer-Emmett-Teller 
(BET) method Surface area, porosity and mean diameter 
Fourier Transform Infrared 
Spectroscopy (FTIR) Nature and strength of the bonds 
Magnetic Studies Magnetic properties: saturation magnetization (that represents magnetic intensity of magnetic materials), coercivity and squareness  
 
1.4. Chromium chemistry and toxicity 
1.4.1. Chemistry  
Chromium (atomic number 24) is a steely-grey, lustrous, hard and brittle metal. It is a 
naturally occurring element present in the earth’s crust crystalline solid (ATSDR, 2012) with 
atomic weight 51.996, melting point 1907ºC and boiling point 2672ºC. Among the wide 
range of oxidation states, the most common in the environment are the trivalent(III) and 
hexavalent(VI) states. These two oxidation states are very different in terms of 
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physicochemical properties and toxicity. While Cr(III) is an essential nutrient in trace 
amounts, Cr(VI) is toxic and carcinogenic. Moreover, according to the oxidation state, the 
solubility of the compounds varies: Cr(III) compounds, such as Cr(OH)3 which precipitate 
at neutral pH (Figure 1), are generally insoluble in water; Cr(VI) is highly soluble in the full 
pH range (Jin et al., 2016). The ratio between chromium hexavalent, Cr(VI), and trivalent, 
Cr(III), strongly depends on the solution pH, oxidative properties (redox potential) and 
kinetics. Hence, depending on the conditions, chromium in water can change from one 
oxidation state to another (ATSDR, 2012), as represented in Figure 1. According to this 
diagram, there are two predominant forms of Cr(VI) depending on the solution pH: HCrO4- 
is predominant at pH values ranging from 2.0 to 6.5 while CrO42- is predominant at pH>6.5. 
Regarding the presence of Cr(III) in aqueous solution, it exists in four main forms, in which 
soluble Cr3+ complexes predominate at pH values from 0 to 4.0 while at pH between 5.5 and 
12.5, Cr(III) precipitates as Cr(OH)3. 
 
Figure 1 - Eh-pH diagram of Cr-O-H system, in aqueous media, at 25ºC and 1 bar (Jin et al., 2016). 
 
Chromium speciation in aquatic systems may be modified by external factors such as solar 
energy, complexation in water, redox gradient between bottom water and the upper sediment 
layer, and interact with other redox sensitive elements such as iron and manganese. Figure 
2 illustrates the transformations and pathway of chromium species in the water column, 




Figure 2 - Pathways of chromium species in the water, including the interfaces with the atmosphere and 
sediment (Markiewicz et al., 2015). 
 
1.4.2. Toxicity  
Exposure of an aquatic organism to water contaminated by chromium may lead to its 
accumulation because the rate of excretion by the organism is in general lower than the rate 
of uptake. Chromium tends to be accumulated and have levels amplified along the food chain 
(Driscoll et al., 2013; Renzoni et al., 1998). This means that organisms at the top of the food 
chain, such as humans are exposed to higher chromium concentrations. Although chromium 
(VI) is considered one hundred times more toxic than chromium (III) (Zhou et al., 2017), 
overall chromium and its compounds have been classified to be human carcinogens by the 
Institute for the Regulation of Water and Solid Waste (IARC). Chromium causes irritation 
and ulcers in the stomach and small intestine and it can lead to cancer in several organs (lung, 
stomach and intestinal tract). Also, it can cause respiratory problems, including irritation of 
the lining of the nose, runny nose, and breathing problems (such as asthma, cough, shortness 
of breath and wheezing). Finally, damage on kidney and liver, sperm, and male reproductive 
system has also been observed (ATSDR, 2012). 
 
In Europe, water quality status is assessed in accordance to Water Framework Directive 
2013/39/EU (Council of the European Union and Parlament, 2013). In accordance to this, 
Environmental Quality Standards (EQS) are implemented, legislating maximum limits for 
water with different fates, aiming to minimize the bioaccumulation and bioamplification 
effects and to ensure the protection of water needed for society and ecosystems. A list of 
priority substances and specific pollutants, including chromium, whose recommended levels 
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should not be exceeded, was created by Agency for Toxic Substances & Disease Registry 
(ATSDR) and United States Environmental Protection Agency (EPA). The priority ranking 
indicated in Table II corresponds to this list, which is updated every two years; substances 
are ordered by degree of danger, considering a combination of its toxicity, occurrence in 
nature, and its potential for human exposure. The limit concentration in wastewaters is in 
accordance with European Parliament directives, and the maximum acceptable 
concentration values in drinking water are recommended by the World Health Organization 
(WHO). 
 




Maximum allowed concentration 
(µg/L) 
Concentration 
in surface water 
(µg/L)iii Residual waters Drinking Waterii 
Chromium, hexavalent 17    
Chromium 78  50 10 
Chromium, trivalent 351 3000iv   
i – According to ATSDR (2017); ii – According to WHO (2011); iii – According to WHO (2003); iv – 
According to France Guidelines for Metal Finishing Liquid Effluents (Naja and Volesky, 2009). 
 
 
1.4.3. Natural sources and industrial emissions of chromium 
The presence of chromium in aquatic systems is due to natural processes and anthropogenic 
sources. Soil leaching, weathering of rocks, erosion, and rainwater are major processes 
favouring the input of chromium to rivers, lakes, estuaries, and ocean (Ray and Shipley, 
2015). Development of industries such as electroplating, leather tanning, stainless steel 
welding, and ferrochrome and chrome pigment production contribute to the increasing levels 
of chromium to the aquatic environment (ATSDR, 2012; Gong et al., 2016).  
Annual emissions data of industrial facilities in EU Member States and in Iceland, 
Liechtenstein, Norway, Serbia and Switzerland are available at the European Pollutant 
Release and Transfer Register (E-PRTR). This database collects environmental information 
of industrial facilities within nine industrial sectors: energy, production and processing of 
metals, mineral industry, chemical industry, waste and wastewater management, paper and 
wood production and processing, intensive livestock production and aquaculture, animal and 
vegetable products from the food and beverage sector, and other activities. Amounts of 91 
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contaminants released to air, water and land were estimated. Considering the period 2007-
2015 it was estimated the annual release of 550 tons of Cr to the European waters (E-PRTR). 
On the basis of the data reported in 2014 and 2015 it was estimated the weight of various 
industrial activities on the emission of chromium. The sector “Production and processing of 
metals” accounts for more than 60% of the chromium emission into the water (Figure 3).  
 
Figure 3 - Proportion of chromium released to European water in 2015 by industrial sectors (E-PRTR). 
 
Chromium has a key role in metal finishing industry modifying the surface of a product to 
enhance its appearance and reflectivity (such as colour or brightness), wear resistance, 
corrosion resistance, electrical resistance, chemical resistance, hardness, or to produce 
surface characteristics essential for subsequent operations (Naja and Volesky, 2009). These 
processes are applied in several sectors such as telecommunications, aviation, construction, 
jewellery, transport, among others. More than 650 galvanizing plants are installed in 
European countries affiliated to the European General Galvanizers Association (Woolley, 
2008) being distributed mainly by Germany (160), Italy (90), Spain (72), United Kingdom 
(62) and France (60). 
 
The second main source of chromium release worldwide responsible for about 20% of 
chromium emissions is the leather tanning industry where putrescible hide or skin is 
converted into leather. The permanent stabilization of the skin matrix against biodegradation 
is possible using basic chromium sulphate (Belay, 2010); so, the exposure is mostly from 
soluble Cr(III) (ATSDR, 2012). This industry is not so critical in Europe, but has a high 
impact in Asia, Africa, and South America (Public Partnership for Better Inovation Policies 
and Instruments in Support of Eco-Innovation: ECOPOL, 2013) (Figure 4). For example, 
leather tannery industry in China is responsible for 20% of chromium discharges into water, 





Figure 4 - Worldwide chromium pollution from tannery industry in 2011 (Public Partnership for Better 
Inovation Policies and Instruments in Support of Eco-Innovation: ECOPOL, 2013). 
 
1.5. Removal of chromium from contaminated waters: a literature review 
Due to its toxicity, in the last years, chromium has been removal from waters and 
wastewaters using the aforementioned techniques. Regarding the chemical precipitation, the 
studies reported in the literature are only for Cr(III) removal, since it can be precipitated only 
in the trivalent state (Tünay et al., 2004), either form synthetic or industrial wastewater 
(Minas et al., 2017; Ramakrishnaiah and B., 2011). Furthermore, there are many studies in 
the literature about removal of chromium using resins and zeolites for treatment of water 
and wastewater (Lv et al., 2014; Rengaraj et al., 2001; Santander et al., 2017) by ion 
exchange. About membrane filtration, the removal of chromium has been study using 
reverse osmosis (Kocurek et al., 2014; Rad et al., 2009), ultrafiltration (Muthumareeswaran 
et al., 2017; Vinodhini and Sudha, 2016) nanofiltration (Zargar, 2012) and electrodialysis 
(Moura et al., 2012) membranes. There are also some studies in the literature about removal 
of chromium using coagulation / flocculation for treatment of wastewater (Dasgupta et al., 
2015; Haydar and Aziz, 2009; Imran et al., 2012). Moreover, there are many studies in the 
literature related to chromium removal using electrochemical processes, such as Cr(VI) 
electrocoagulation and electrochemical Cr(VI) reduction in different systems (Duan et al., 
2017; Jin et al., 2016). 
Like chemical precipitation and ion exchange processes, the sorption has also been widely 
used for removal of chromium. In the past ten years, several studies have been published on 
chromium sorption in aqueous phase using nanomaterials. Table III lists the nanomaterials 
and experimental conditions employed through batch (the most common) or fixed-bed 
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column experiments (as exemplified by the study of Debnath et al. (2010)). Table III is a 
condensed version of the Table presented in the attachments (Chapter 7). 
Type of materials. Among the various materials used for chromium removal, nanoparticles 
are the most common, either using just the core nanoparticle (Debnath et al., 2016; Kaprara 
et al., 2017; Khan et al., 2016; Mahmoud et al., 2017; Rajput et al., 2016; Sezgin et al., 2016; 
Srivastava et al., 2016; Valle et al., 2017), with functionalization (Guan et al., 2015; Huang 
et al., 2017; Lan et al., 2014; Tahergorabi et al., 2016) or supported on substrates (Babaei et 
al., 2016; Biswal et al., 2013). Other type of materials have been used, such as 
nanocomposites (Arthy and Phanikumar, 2016; Chooaksorn et al., 2016; Srivastava et al., 
2017), nanofibers (Egodawatte et al., 2016) and carbon nanotubes (Lee and Kim, 2016). 
Interactions with other elements. Most of the works mentioned in Table III describe the 
chromium sorption experiments using monoelemental systems, i.e. Cr is the only 
contaminant to be treated. Less than half of the studies tested both monoelemental and 
multielemental systems. Distilled or ultra-pure water have been considered, which are less 
complex conditions because no competitive ions or other contaminants are present. 
Type of solutions. Only a few studies addressed the treatment of contaminated waters as real 
samples, such as groundwater, effluents or wastewater (Guan et al., 2015; Kumari et al., 
2015; Sezgin et al., 2016; Srivastava et al., 2016; Watts et al., 2015). Chen et al. (2011) have 
tested natural waters of different complexity (deionized distilled water, tap water, mountain 
stream water and river water). 
Temperature. Most of the removal experiments have been tested at temperature between 20 
and 25ºC, presumably to make the process more practical and reduce associated costs. Other 
studies were performed approximately at 30ºC (Akoz et al., 2012; Arthy and Phanikumar, 
2016; Behnajady and Bimeghdar, 2014; Debnath et al., 2010; Guan et al., 2015; Lan et al., 
2014; Lee and Kim, 2016; Mao et al., 2012; Paul et al., 2015; Saikia et al., 2011), at 35ºC 
(Srivastava et al., 2017), and even at 40ºC (Ataabadi et al., 2015; Mohan et al., 2015) 
mirroring natural situation in warmer countries. Apart from five cases (Dubey et al., 2016; 
Lee and Kim, 2016; Mohamed et al., 2017; Pang et al., 2011; Valle et al., 2017), efficiency 
of chromium sorption increases with temperature. 
Contact time. In general, contact time between the nanomaterial and the contaminant were 
less than 2 days, although may be extended, from 3 days (Kumari et al., 2015), to 7 days 
(Gifford et al., 2016) and 15 days (Watts et al., 2015). 
15 
 
pH. Values of optimal pH in the removal of Cr(III) were between 5 and 7 (Arthy and 
Phanikumar, 2016; Egodawatte et al., 2016; Guan et al., 2015; Mahmoud et al., 2017; 
Shahriari et al., 2014; Valle et al., 2017). Removal of Cr(VI) was tested at pH from 2 to 3 
(Khan et al., 2016; Lee and Kim, 2016; Luther et al., 2013; Mahmoud et al., 2017; Pang et 
al., 2011; Rajput et al., 2016; Valle et al., 2017), although some authors have been studied 
the removal at environmental pH interval, 5-8 (Kaprara et al., 2017; Simeonidis et al., 2015). 
Amount of sorbent. It is well documented that, for the same concentration of metal, the rate 
of chromium sorbed will increase by increasing the amount of sorbent, although the larger 
the amount of material used, the greater the amount of residues to treat and the cost of 
process. Several works have tested low doses of sorbent per volume of solution, such as 
Bisht et al. (2016), Paul et al. (2015), Kaprara et al. (2017), Debnath et al. (2016), 
Tahergorabi et al. (2016), Khan et al. (2016), Simeonidis et al. (2015), Guo et al. (2013), 
Mao et al. (2012), Moradi and Baniamerian (2012), Srivastava et al. (2017), Mohamed et al. 
(2017) and Babaei et al. (2016). In particular Bisht et al. (2016) used 5, 10, 15, 20, 25 and 
30 mg/L of EDTA-Fe3O4 nanoparticles, Paul et al. (2015) used 10 mg/L and 50 mg/L of 
TiO2 nanoparticles and Kaprara et al. (2017) used 25 mg/L of Sn(II) oxy-hydroxides 
nanoparticles for Cr(VI) removal. 
Oxidation state. Cr(VI) species have been the most investigated systems, although some 
researchers have previously research on Cr(III) species (Arthy and Phanikumar, 2016; 
Debnath et al., 2016; Egodawatte et al., 2016; Guan et al., 2015; Shahriari et al., 2014; 
Tahergorabi et al., 2016) and others with both Cr(III) and Cr(VI) (Cantu et al., 2014; Luther 
et al., 2013; Mahmoud et al., 2017; Parsons et al., 2014; Valle et al., 2017). Only a few 
studies mention the analytical methodologies to discriminate the quantification of Cr(III) 
and Cr(VI) during the removal process. Most of the methodologies referred in the works of 
Table III are only able to measure total Cr and so the values reported for uptake capacity or 
removal efficiency are based on the initial and final concentrations regardless the starting 
chromium species. 
Chromium concentrations. For the removal experiments, a wide range of chromium 
concentrations has been reported in the literature, more specifically, concentration values 
between 10 µg/L (Kaprara et al., 2017) and 11 000 000 µg/L (Uygun et al., 2013). The 
maximum allowed concentration of total chromium in residual waters is 2000 µg/L so the 
studies that used higher concentrations are not using realistic values. In this way, some 
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studies (Biswal et al., 2013; Cantu et al., 2014; Chooaksorn et al., 2016; Chowdhury and 
Yanful, 2010; Gifford et al., 2016; Kaprara et al., 2017; Khan et al., 2016; Luther et al., 2013; 
Parsons et al., 2014; Simeonidis et al., 2015; Valle et al., 2017) included in their experiments 
lower concentrations. Among these, Chowdhury and Yanful (2010), Simeonidis et al. (2015) 
and Gifford et al. (2016) were the only ones that studied concentration equal or <2000 µg/L 
and Kaprara et al. (2017) studied the removal of 10 µg/L of chromium using Sn(II) oxy-
hydroxides nanoparticles. 
Best material performance. Lastly, magnetic iron oxide nanoparticles/sugarcane bagasse 
composite (Arthy and Phanikumar, 2016) and Cr(VI)-imprinted poly(HEMAH) 
nanoparticles (Uygun et al., 2013) were the materials reported in the literature in the last 
years as being the ones with the most affinity for Cr(III) and Cr(VI) uptake, achieving a 




Table III - Nanomaterials for Cr removal with respect to the conditions used as reported in the literature in the last 10 years (since 2007).  
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aNonlinear Pseudo-second-order model. bPseudo-second-order model. cLangmuir type 4 capacity. dLangmuir type 1 capacity. eThomas model column capacity. fRoom 
temperature. 
 
Note that,  
the conditions that are shaded correspond to the best uptake capacity or removal efficiency obtained; 
in general, when the type of water is not referred, the authors may have used distilled or milli-Q water; 
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in the column correspondent to “Cr starting specie”, total chromium concentration was quantified in the works that refer it; in the other works no mention is made regarding 
the specie or if it is total concentration; 
in the column correspondent to “Uptake capacity (mg/g) or removal efficiency (%)”, when the value does not present units, it is the uptake capacity; otherwise, it is the removal 
efficiency; 
the value presented in parentheses in the column “Uptake capacity (mg/g) or removal efficiency (%)” corresponds to the condition that gave rise to the value of uptake capacity 
or removal efficiency presented; 
the uptake capacity values which do not presented a subscript were obtained either experimentally or by Langmuir model; 
sometimes, the authors refer to experimental conditions of experiments whose results they do not present; 




1.1. Hypothesis of work and objectives  
 According to the reported data on chromium removal from waters (Table III), the 
overall aim of this research work will be to contribute to study low cost and efficient 
materials for the recovery of waters contaminated with chromium, with a view to future 
application in the treatment of industrial effluents. So, general objective of this work is to 
study the remediation of water contaminated with chromium, that is a priority substance, 
using magnetic nanoparticles based on ferrites, and to apply these materials in real 
wastewaters for removal of chromium. 
 The specific objectives are: 
- To evaluate the effect of amount of sorbent used in the Cr removal studies in order to reduce 
it and consequently to decrease the amount of residues to treat and the cost of the process. 
- To study the influence of the pH of the solution on Cr removal efficiency, which is intended 
to be adjusted to similar pH found in real industrial effluents. 
- To evaluate the effect of the ionic strength of the solution and the effect of dissolved 
organic matter on Cr removal efficiency once real effluents have other ions. 
 To achieve these objectives, the following tasks are planned: 
- Synthesis of different types of ferrites, namely magnetite, manganese ferrite and cobalt 
ferrite (respectively, Fe3O4, MnFe2O4 and CoFe2O4) NPs, which will be used for chromium 
sorption. Despite ferrites are more expensive than magnetite, transition metal variation 
allows the variation of the magnetic properties. Accordingly, it is possible to reduce the 
material cost if, with a much smaller amount of sorbent, higher efficiency rates are achieved 
than those when using magnetite.  
- Characterization of the nanoparticles prepared by several techniques, such as XRD, FTIR, 
TEM, Chemical Analysis, BET Method, Magnetic Studies and Isoelectric Point.  
- Evaluation of the influence of experimental parameters (amount of sorbent, pH, presence 
of interfering ions, dissolved organic matter) in the chromium removal from aqueous 
solutions using ferrite nanoparticles. To perform the quantification of chromium an ICP-
OES (Inductively Coupled Plasma-Optical Emission Spectometry) will be used. This 
technique only allows us to measure total chromium 
- Modelling of kinetic data to predict the performance of the different material, using 



























2.1. Washing of the material used  
All the material used in the performed test was thoroughly washed before and after use, to 
avoid possible contaminations. Thus, the washing procedure of the material starts with an 
abundant washing with water (tap water and distilled water), followed by placement in 
HNO3 25% (v/v) for 24 hours. After this period, the material was washed again several times 
with distilled water.  
The volumetric flasks, in which the ion solutions were prepared, were also washed with the 
matrix used in the sorption experiments before the preparation of the solutions. Chromium 
samples were stored in polystyrene tubes (10 mL). Prior use all tubes were acid-washed with 
HNO3 25% for 24 hours and then rinsed with abundant water (tap water and distilled water). 
All material is dried at room temperature, protected from the air. 
 
2.2. Reagents 
Chemicals were readily available from commercial sources and were used as received 
without further purification: Ammonium hydroxide solution (NH3 in H2O, 25%, Riedel-de-
Häen), Chromium(III) (Cr3+ in HNO3, 1000 mg/L, Inorganic Ventures), Cobalt(II) chloride 
hexahydrate (CoCl2.6H2O, 98%, Panreac), Ethanol (C2H5OH, >99%, Panreac), Humic acid 
sodium salt (technical grad, Sigma-Aldrich), Iron(II) sulfate heptahydrate (FeSO4.7H2O, 
>99%, Merk), Manganese(II) sulfate monohydrate (MnSO4.H2O, >99%, Riedel-de-Häen), 
Nitric acid (HNO3, puriss. p.a., 65%, Merck), Potassium hydroxide (KOH, >98%, Pronolab), 
Potassium nitrate (KNO3, >99%, Merk), Sodium hydroxide (NaOH, >98%, Pronolab). 
 
2.3. Chemical synthesis of spinel type nanoparticles  
Magnetic NPs used in this study were synthesised according with the following procedure: 
 
Fe3O4 nanoparticles 
Magnetic iron oxide NPs with an average size of 50 nm were synthesized by oxidative 
hydrolysis of iron(II) sulphate in alkaline conditions, according to the procedure described 
in Oliveira-Silva et al. (2014), as follows. Ultra-pure water was first deoxygenated with N2 
under vigorous stirring during 2 hours. Then, 1.90 g (34 mmol) of KOH and 1.52 g (15 
mmol) of KNO3 were added to 25 mL of deoxygenated water using a 250 mL round flask. 
This mixture was heated at 60ºC, under N2, and mechanically stirred at 500 rpm. After total 
31 
 
dissolution, 25 mL of an aqueous solution of FeSO4.7H2O (4.75 g, 17 mmol) was added 
drop-by-drop to the mixture and mechanical stirring was increased to 700 rpm. The resulting 
solution presented a dark-green colour after complete addition of the Fe(II) salt. The solution 
reacted for 30 minutes. After reaction, the round flask was transferred to a hot oil bath at 
90ºC, under N2 but without stirring, during 4 hours. Finally, the resulting black powder was 
washed several times with deoxygenated water and ethanol. After washing, particles were 
dried by evaporating the solvent in an oven at 40ºC. 
 
MnFe2O4 nanoparticles  
The experiment above was repeated but adding simultaneously 10 mL of aqueous 
MnSO4.H2O (6 mmol) and 15 ml of aqueous FeSO4.7H2O (11 mmol). 
 
CoFe2O4 nanoparticles  
The experiment above was repeated but adding simultaneously 10 mL of aqueous 
CoCl2.6H2O (6 mmol) and 15 mL of aqueous FeSO4.7H2O (11 mmol). 
 
2.4. Characterization of the materials 
In order to confirm the identity of the materials involved in this work and to determine some 
of its characteristics, a large number of characterization techniques were used. The results 
and the respective discussion can be found in the Chapter 3. 
 
2.4.1. General characterization methods 
X-Ray Diffraction (XRD) data for all materials were obtained at ambient temperature on an 
Empyrean PANalytical diffractometer (Cu Kα1,2 X-radiation, λ1 = 1.54060 Å; λ2 = 1.54443 
Å). The registration of the diffraction patterns was performed with a step size of 0.026 
degrees, in continuous mode, in the 15 ≤ 2θ ≤ 100º range.  
Fourier Transform Infrared (FT-IR) spectra (in the range 4000-350 1/cm) were recorded by 
directly placing of the samples on the diamond crystal unit of Reflectance Total Attenuated 
(ATR), using a Bruker Tensor 27 spectrophotometer after 256 scans with resolution of 4 
1/cm. 
STEM/TEM (Scanning Transmission Electron Microscopy / Transmission Electron 
Microscopy) images were acquired using an Electron Microscope Hitachi, SU-70 working 
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at 20 kV. Samples were prepared by direct deposition of a drop of NPs dispersed in ethanol, 
evaporating at room temperature over a grid of cupper coated with a carbon film.  
Brunauer-Emmet-Teller (BET) surface area analyses were performed on an automated 
surface area analyser (Micromeritics Gemini 2380) by means of nitrogen adsorption-
desorption.  
Regarding the study of magnetic properties, measurements of hysteretic cycle were 
performed using magnetometer VSM at room temperature (~ 293K). The magnetization was 
normalized to the total mass of the sample. 
Isoelectric point of nanoparticles was determined by zeta potential measurements, using a 
Zetasizer Nano ZS (Malvern Instruments). A solution of nanoparticles was prepared in ultra-
pure water. The pH of the solution was adjusted for different pH (between 2 and 10) using 
NaOH or HNO3 solutions. The temperature was fixed at 25ºC, and three replicate 
measurements of zeta potential were performed for each sample. 
Chromium analysis were performed by Inductively Coupled Plasma-Optical Emission 
Spectometry (ICP-OES), on a Horiba Jobin Yvon Activa M spectrometer (radial 
configuration) equipped with a Burgener MiraMist nebulizer (sample flow of 1 mL/min), 
peristaltic sample delivery pump with three canals, argon flow (nebulizer: 0.02 L/min; 
auxiliary gas: 0.2 L/min; plasma: 12 L/min), nebulizer chamber, CCD (coupled charging 
device) for detection, and algorithm background correction for quantification. The operating 
mode of this technique is shown in more detail below. 
Iron, manganese, cobalt and chromium content in the materials were also determined by 
ICP-OES. Briefly, about 20 mg of sample were accurately weighted into an acid-washed 
Teflon reactor; then 3 mL of HNO3 (70%) were added, and reactors were placed on a CEM 
- MDS-81D microwave digestion system (equipped with 12 pressurized vessels) at a ramp 
temperature up to 140ºC for 5 min, then up to 175°C for 3 min, and finally at 175°C for 4 
min 30 s. A second digestion cycle was carried out after addition of 3 mL of HCL (37%) for 
complete digestion of the materials. After digestion, samples were diluted with ultra-pure 
water and then analyzed by ICP-OES. 
 
2.5. Removal of chromium from waters 
The ability of the synthesized NPs to remove Cr(III) from aqueous solution was evaluated 
by performing sorption experiments of batch (discontinuous) type. In these experiments, the 
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effect of amount of sorbent used, the influence of the pH of the solution, the effect of 
increasing the ionic strength of the solution and the influence of organic matter in the 
removal of chromium were evaluated. 
 
Effect of amount of sorbent 
The removal tests using different amounts of magnetic NPs were performed to 
monoelementary aqueous solutions with a concentration of 2000 μg/L of chromium(III). 
Round bottom flasks of 1000 mL were used, fully closed, to prevent possible losses of 
solvent, in accordance with the experimental setup shown in Figure 5. The solution of 
chromium was freshly prepared by dilution of the standard commercial solution (1000 mg/L) 
in ultra-pure water. The NPs were weighed on analytical balances and the solutions were 
prepared in volumetric flasks with adequate capacity so that the ion concentration and NPs 
amount in prepared solutions are exactly known. When preparing the solutions micropipettes 
were used to perform various measurements and to transfer volumes. For the measuring of 
NPs mass, an analytical balance accurate to the microgram was used. The tests were realised 
at room temperature, under mechanical stirring, by putting a known mass of NPs (10, 50, 
100 and 200 mg) in contact with the aqueous solution, at pH ca. 6. 
 
Effect of pH 
The effect of pH on the sorption process was studied for an initial Cr(III) concentration of 
2000 μg/L and the selected values were 4, 6, 8 and 10. The pH adjustments were performed 
using nitric acid or sodium hydroxide solutions, before the addition of the pre-weighed 
sorbent. The tests were realised in ultra-pure water using 50 and 100 mg/L of CoFe2O4 NPs. 
 
Effect of ionic strength 
The effect of ionic strength on the sorption of Cr(III) was evaluated using solutions of 
chromium prepared in ultra-pure water, mineral water and saline water (salinity of 15 g/L). 
Composition of minaral water used for these experiments is presented in the next Table. This 
information was taken from the bottle label. Saline water was obtained by diluting filtered 












Na+ = 4.4 (± 1.1) 
Ca2+ = 2.7 (± 1.6) 
HCO3- = 16.5 (± 8.0) 
Cl- = 3.2 (± 0.9) 
 
The tests were performed using 50 and 100 mg/L of CoFe2O4 NPs in aqueous solutions with 
a concentration of 2000 μg/L of chromium(III), at pH 4, 6 and 10.  
 
Effect of organic matter 
The effect of humic substances on the sorption of Cr(III) was evaluated using sodium humic 
salt solutions with concentrations of 5 and 10 mg/L at pH 4, 6 and 10, and for initial Cr(III) 
concentration of 2000 μg/L. The tests were realised either in mineral water or saline water 
(salinity of 15 g/L), using 100 mg/L of CoFe2O4 NPs. 
 
For all the different studies, the moment when we proceeded to the mixture of NPs and 
aqueous solution was recorded as the start time (t0), which served as the reference for 
carrying out the subsequent collections. After addition of NPs, it was used an ultrasonic bath 
(~60 seconds) to obtain a better dispersion of the particles in the solution. Over the aqueous 
chromium solution contact time with the NPs, aliquots (5-10 mL) of sample were being 
collected using Pasteur pipettes, in fixed and increasing times. These aliquots were under the 
influence of a magnet for approximately 15-30 minutes (to ensure that all NPs were 
removed). After separation of NPs, the aliquots were immediately acidified (pH < 2) with 
25 μL of concentrated HNO3 (65% v/v) and stored at 4°C until analysed by ICP-OES.  
 
 
Figure 5 - Experimental set used in removal tests of Cr(III), using magnetic NPs (Figueira, 2010). 
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2.6. Samples quantification by ICP-OES 
The technique of ICP-OES has been widely used to quantify elements in samples due to their 
multi-elemental capacity as well as the very low range of detection limits. 
The preparation of the samples is one of the most important points since it constitutes the 
biggest source of error of the analytical quantification. When analysing samples by ICP, it 
is sometimes necessary to solubilize the samples. For this purpose, solid samples such as 
NPs are initially digested (the most common solid sample preparation method). 
The next step is to introduce the liquid sample in the equipment, which is suctioned by a 
very thin capillary tube. This sample is transported to the nebulizer (which functions as a 
spray with a flow of 1.0 mL/min) and is transformed into very small droplets. Argon (torch 
gas with a flow of 12 L/min) takes the sample from the nebulizer to the plasma, which is 
ionized argon (this ionization is achieved through an alternating electric current). In plasma, 
the temperature is so high that the solvent evaporates and all bonds between the molecules 
are broken down to obtain atoms in the gaseous state (Skoog et al., 2002). 
Since the temperature is so high the electrons go to the excited state and when they return to 
the ground state they release energy, whose wavelength is characteristic for each element; 
the concentration of the elements is proportional to the intensity of the emission analytical 
signal. 
The principal components of ICP-OES are represented in Figure 6. 
 








To ensure that the results obtained in the analysis are reliable and have the required quality, 
quality control is carried out in parallel with the analysis of the samples. 
Before starting the analysis of the samples, a calibration curve is made for which at least 5 
standards of different concentrations, prepared from a mono-elemental solution is used; the 
curve is only accepted if a correlation coefficient of more than 0.9995 and an error of less 
than 10% in each standard is obtained. The intensity of the analytical signal of the sample is 
compared to that curve in order to determine the concentration. 
In addition, a blank, a certified reference material, a check standard (prepared by dilution 
from an independent standard stock solution and whose concentration coincides with that of 
one of the calibration curve standards), a replica of all samples (in order to verify the drift of 
the equipment), a duplicate in each set of ten samples (which allows to verify the 
repeatability of the quantification process) and a recovery test in each set of ten samples (to 
evaluate the matrix interference) are also analysed. 
For the chromium quantification, the calibration curve was prepared using standards with 
concentrations between 4 and 2000 µg/L. It was assumed that the value of lower 
concentration standard (4 µg/L) is the quantification limit and that the detection limit value 
is one third of the quantification limit (1.3 µg/L). The blank concentration was always under 
the detection limit. In the case of replica, duplicate and check standard a maximum error of 
10% was accepted. Regarding the certified reference material, it was used a reference 
material obtained from a water interlaboratory comparison test of RELACRE entity, carried 
out in October 2017, and the range of accepting values varied between 85% and 115%. The 
recovery test range of accepting varied between 90 and 110%. All the results presented in 
























3.1. Materials characterization   
The NPs synthesised were characterized by several techniques as follows.  
 
3.1.1. X-ray diffraction  
X-ray diffraction analysis were used to confirm the crystalline phase of obtained NPs. By 
comparison with databases, it is observed that the spectra of X-ray diffraction obtained 




Figure 7 - XDR pattern of Fe3O4, MnFe2O4, CoFe2O4 NPs and the corresponding crystal planes. 
 
In the previous diffractogram, the peaks corresponding to the crystalline planes (1 1 1), (2 2 
0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0) and (7 3 1) characteristic at 2θ equal to 18.3, 30.1, 
35.5, 43.1, 53.5, 57.0, 62.6 and 89.7 are indexed. 
The crystalline phase of the nanoparticles resulting from the Cr(III) removal (CoFe2O4@Cr) 












Figure 8 - XDR pattern of CoFe2O4 and CoFe2O4@Cr NPs and the corresponding crystal planes. The peaks 
marked with * correspond to the crystalline planes of the CoFe2O4 NPs. 
 
In the diffractogram of Figure 8, in addition to the peaks already observed and 
corresponding to the crystalline phases of the planes present in CoFe2O4 nanoparticles, other 
three peaks provably relative to the presence of chromium are presented.  
 
3.1.2. Fourier-transform infrared spectroscopy (FTIR)  
The FTIR spectra of Fe3O4, MnFe2O4 and CoFe2O4 NPs were also registered and are 
presented below (Figure 9). 
 
 
Figure 9 - FTIR-ATR spectra of Fe3O4, MnFe2O4 and CoFe2O4 NPs. 
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These spectra were obtained using a spectrophotometer IR Fourier transform and the ability 
to use the technique of attenuated total reflectance (FTIR-ATR), which allowed the direct 
analysis of various solids without being necessary the preparation of KBr pellets. 
Based on a vibration frequencies table of chemical groups (Socrates, 2004) and in the 
information relating to the characterization of materials presented in Tavares et al. (2013), 
Figueira et al. (2011), Mahmoodi (2013), Zhang et al. (2014), Zhao et al. (2015), 
correspondence between the bands present in the FTIR-ATR spectra obtained and the types 
of vibrations that may have originated these bands was taken. The results of this analysis are 
summarized in Table V.  
 
Table V - Summary of some of the bands obtained in the FTIR-ATR spectra of the synthesised NPs, and possible 
correspondence with the vibrations of particular chemical groups. 
 
Intensity of bands: vs - very strong; s – strong; m – medium; w – weak; vw – very weak  
ν: streching vibration → it implies variations in the length of chemical bonds; δ: bending vibration → it implies 
spatial changes of the atoms that constitute the molecule, without there being any variation in the length of 
chemical bonds. 
 
The peak at 600–500 1/cm is due to the metal–oxygen bond. The broad band in the region 
of 3100-3600 1/cm and a weak band in the region of 1630 1/cm may be attributed to the 
presence of humidity in the samples (molecular water adsorbed to the surface or incorporated 
into the crystalline lattice). The peak at around 1100 1/cm is due to metal-OH and metal-
OH2 bounds (Bellusci et al., 2009), which reflect the sorption of water on the oxide. 
 
To evaluate the stability of these kind of NPs, FTIR spectra of material synthesised in 2016 
were acquired at that time and again in 2018. The FTIR spectra of Fe3O4 NPs showing the 





Figure 10 - FTIR-ATR spectra of Fe3O4 NPs, acquired in 2016 and 2018. 
 
As it can be observed, there is no significant differences in the NPs structure after 2 years. 
This can be also observed for MnFe2O4 and CoFe2O4 NPs, whose spectra are presented in 
the attachments (Chapter 7). 
 
After three specific removal tests, using 200 mg/L of NPs to remove Cr(III) in ultra-pure 
water, the NPs used were recovery and analysed by this technique in order to observe the 











Figure 11 - FTIR-ATR spectrum of Fe3O4@Cr, MnFe2O4@Cr and CoFe2O4@Cr NPs resulting from removal 
tests using 200 mg/L of NPs to sorption of Cr(III) in ultra-pure water. 
 
There are no significant changes in the spectra between Fe3O4 and Fe3O4@Cr NPs; on the 
contrary, the comparison between the spectra of manganese and cobalt ferrites shown 
slightly changes in the intensity of bands.  
 
3.1.3. Electron microscopy 
The electron microscopy involves the use of a beam of electrons instead of light (optical 
microscope), which allows obtaining images of samples with extremely reduced dimensions 
(as nanomaterials) with suitable resolution. 
Images of the analysis by electron microscopy of the ferrite NPs used in this work (with 





















According to these results, it is possible to observe the NPs shape, which is spherical. Also, 
it is possible to estimate the particle size. 
In the case of magnetite, several measurements of particle size were made (using Image J 
software), and then the histogram was constructed. Regarding to results obtained, magnetite 
appears to have a bimodal distribution with a first population with an average size of 50 nm 
and a second around 80-85 nm.  
In the case of cobalt ferrite, a mean particle size of 60 nm for cobalt ferrite was estimated. 
As it can be observed, the obtained nanoparticle sample has a relatively narrow distribution 
of sizes, so this synthesis is quite adequate for the formation of monodisperse cobalt ferrite 
nanoparticles.  
Finally, for manganese ferrite, it was not possible to acquired electron microscopy picture, 
but a distribution with a population with an average size superior to the other NPs would be 
expected, according to BET surface area results, which are presented below. 
 
3.1.4. Chemical analysis of NPs 
The NPs were digested with acid and then the ratio between the cations (Mn/Fe and Co/Fe) 
was determined by ICP-OES. The results indicate that the composition of the manganese 
ferrite synthesized is Mn1.00Fe2.17O4 while Co1.00Fe1.98O4 is the composition of the cobalt 
ferrite synthesized. 
 
3.1.5. BET surface area 
Table VI shows BET surface area, porosity volume and pore diameter of the NPs used in 
this work. 
 
Table VI - Values of BET surface area (SBET), porosity volume (Vp) and pore diameter (Dp) of the different 
types of NPs used in this work. 
Samples SBET (m2/g) Vp (cm3/g) Dp (nm) 
Fe3O4 31.3 0.08 9.9 
MnFe2O4 22.3 0.04 7.6 
CoFe2O4 33.3 0.07 9.2 
 
Based on these results, it seems that manganese ferrite NPs are bigger than the other NPs 
since the surface area of these nanomaterials may increases with decreasing particle size. 
This could be confirmed through STEM images; however the images were not acquired for 
all the NPs used. 
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3.1.6. Magnetic properties 
Figure 14 shows the results of magnetic measurements performed on neat ferrite NPs. All 
samples show magnetic hysteresis as expected for ferromagnetic materials. It is important to 
note that the magnetization value for magnetite NPs is within the reported values for this 
material (Girginova et al., 2010; Oliveira-Silva et al., 2014). For the Mn containing samples, 
as compared to the Fe and Co counterparts, the saturation magnetization (maximum value 
of magnetization observed) is very low (inferior to 10 emu/g). Note that a high magnetic 
susceptibility is a key factor for the response of these nanoparticles in the application of an 
external magnetic field. 
 
 
Figure 14 -Magnetization curve of the NPs used in this work in function of the magnetic field. 
 
In Figure 15 is not visible a magnetic cycle with hysteresis for Fe3O4 and CoFe2O4 NPs. 






Figure 15 - Magnification of the magnetization curve of the Fe3O4, MnFe2O4, CoFe2O4 NPs. 
 
Based on Figure 15, it is possible to realise that CoFe2O4 NPs can be reused since, due to their 
low coercivity, they are easily demagnetized. 
 
3.1.7. Isoelectric point 
The isoelectric point (or point of zero charge), is the pH value at which the zeta potential, 
which is equivalent to the net charge of the nanoparticle including bound ions, is zero. 
Figure 16 displays zeta potentials as a function of solution pH for Fe3O4, MnFe2O4 and 
CoFe2O4 NPs. With an increase in solution pH, the zeta potential of NPs decreased.  
 
 
Figure 16 - Zeta potentials as a function of solution pH for (a) Fe3O4, (b) MnFe2O4 and (c) CoFe2O4 NPs. 
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At pH 4.48, 6.69 and 5.17, the net charge of Fe3O4, MnFe2O4, CoFe2O4 NPs is zero, which 
is the point of zero charge (PZC) of these NPs. Below pHPZC, the surface of NPs attracted 
protons and therefore was positively charged; on the contrary, by increasing the solution pH 
over to pHPZC, NPs released the protons into the solution and the surface became negatively 
charged. In this way, depending on the solution pH, the charged surface will affect the 
sorption of chromium due to the electrostatic attraction or repulsion. Also, according to Suh 
et al. (2015), at certain conditions, the principal mechanism favourable to sorption of Cr(III) 
ions onto metal oxide surfaces of NPs is chemical affinity instead of electrostatic attraction. 
 
3.2. Removal of chromium from waters 
Chromium concentrations in solution after the previously defined times of contact with NPs 
were measured. The equilibrium was reached after 48 hours for all the systems. 
 
3.2.1. Effect of amount of sorbent 
There are some studies which demonstrate a reduction in concentration of Cr(III) and Cr(VI) 
in synthetic water and real wastewater using Fe3O4 NPs (Arthy and Phanikumar, 2016; 
Ataabadi et al., 2015; Bisht et al., 2016; Kumari et al., 2015; Lee and Kim, 2016; Luther et 
al., 2013; Martínez et al., 2015; Parsons et al., 2014; Rajput et al., 2016; Shahriari et al., 
2014; Simeonidis et al., 2015); however, either the amount of sorbent used is too high or 
chromium concentrations are unrealistic. Regarding the MnFe2O4 and CoFe2O4 NPs, its use 
may be interesting from the point of view of magnetic properties because with the change of 
transition metal comparing to magnetite, the magnetic properties are also changed, which 
may have influence the removal process; moreover, the few studies using these materials 
(Hu et al., 2007; Luther et al., 2013; Sezgin et al., 2016; Srivastava et al., 2016) test also an 
high amount of NPs. 
Therefore, a set of preliminary removal tests of Cr(III) from ultra-pure water per action of 
different amounts of Fe3O4, MnFe2O4 and CoFe2O4 NPs was carried out to evaluate the 
sorption capacity of the different materials and the contact time necessary to reach the 
equilibrium. These tests were performed at room temperature with adjustment of pH at ca. 
6, and were made to obtain a first knowledge regarding the behaviour of NPs in the removal 
of this ion. The amount of NPs used were 10, 50, 100 and 200 mg, for a chromium 
concentration of 2000 µg/L (which is the maximum allowed concentration in residual waters 
discharge in Portugal (Ministério do Ambiente, 1998)).  
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The results obtained for the removal of Cr(III) using NPs of Fe3O4, MnFe2O4 and CoFe2O4 
indicate that removal was high efficient when using MnFe2O4 and CoFe2O4 NPs (Figure 
17). 






















Figure 17 - Profile of variation of the normalized concentration of Cr(III) in aqueous solution, in function of 
contact time with different amounts of magnetic NPs. Note that some of the values of manganese and cobalt 
ferrites are average values.  
 
The analysis of these results shows that, under the conditions used, there were no significant 
changes in the concentration of Cr(III) when the amount of Fe3O4 NPs used was increased 
from 10 mg to 50 mg and then to 100 mg/L, observing a removal of only 10 to 31% of Cr(III) 
in solution; however using 200 mg/L of NPs it is possible to remove more than 50% of 
Cr(III) in solution. On the contrary, the cores of manganese ferrite and cobalt ferrite removed 
more than 50% of Cr(III) in solution using 50 mg/L of NPs (which means that is necessary 
four times less amount of material to obtain the same result as with magnetite nanoparticles). 
Moreover, with 100 mg/L of NPs the manganese ferrite removed about 98% and the cobalt 
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ferrite removed 90%. Finally, using 200 mg/L of NPs, manganese ferrite removed all Cr(III) 
in solution and cobalt ferrite removed 94% of Cr(III). 
Despite the high efficiency of manganese ferrite NPs – being the only ones able to remove 
the required amount of Cr(III) to obtain water considered sufficiently "clean" for human 
consumption (50 µg/L) –, the synthesis and consequently the results obtained using these 
NPs are not easily reproductible when compared to those obtained with CoFe2O4 NPs (thus, 
duplicates are not real). So, for the study of the other experimental conditions (see next 
sections), despite of being more expensive, the CoFe2O4 NPs were the ones chosen. 
 
3.2.1. Effect of pH 
Taking into account the results obtained in the effect of sorbent amount tests, we proceeded 
to the study of pH effect. Clearly there is an improvement in the removal with increased 
mass NPs, but not justified to use 200 mg/L of material. Thus, these tests comparing the 
different values of pH were performed using 50 and 100 mg/L of NPs and the selected pH 
values were 4, 6 and 10. At this stage, full kinetics of removal of Cr(III) was performed. 
Furthermore, only were used NPs of CoFe2O4, since they are not the most effective, but they 
are the ones with most reproductible percentages of sorption. 
The results obtained for the removal of Cr(III) using CoFe2O4 NPs at different pH (4, 6 and 
10) indicate that in all experiments performed in this phase, it exists removal of Cr(III) in 
solution. Also, removal was more efficient at pH of 10 of NPs (Figure 18).  
 
Figure 18 - Profile of variation of the normalized concentration of Cr(III) in aqueous solution (ultra-pure 
water) at different pH (4, 6 and 10), in function of contact time with magnetic CoFe2O4 NPs (using 50 and 100 
mg/L). Note that some of the values obtained for the removal at pH 6 and pH 10 using 50 mg/L of NPs are 
average values.  
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An additional test at pH 8 and using 50 mg/L of CoFe2O4 NPs were carried out, obtaining 
92% of chromium removal. So, it was found that chromium removal at pH 10 was the most 
rapid and effective, followed by removal at pH 8. 
 
3.2.1. Effect of ionic strength  
In order to test the efficiency of the nanoparticles in real samples, some tests were carried 
out by contacting the nanoparticles with solutions of increasing complexity. The 
experimental conditions for these tests were the same as in the pH tests to compare the 
removal efficiency in matrices with different complexity. 
The variation of the normalized concentration of Cr(III) in solution in function of contact 
time is shown in Figure 19. 
 
 
Figure 19 - Profile of variation of the normalized concentration of Cr(III) in aqueous solution (mineral and 
saline water). at different pH (4, 6 and 10), in function of contact time with magnetic CoFe2O4 NPs (using 50 
and 100 mg/L). The values obtained for the removal in mineral water at pH 6 using 50 and 100 mg/L of NPs 
are average values.  
 
The majoritary elements (Na, Mg, K, Ca, Mn, Fe and Cu) contents of mineral water samples 
were analysed before and after the removal studies. There were no significant changes in the 
concentration of these elements, except for an increase in Fe and K concentration in the 
samples in which NPs were added, due to the presence of trace amounts of NPs in solution. 
As can be seen from the Figure, the removal of the Cr(III) present in solution was almost 
complete and quite fast at pH 10, for both matrices. In the case of saline water experiments, 
after 1 hour the removal percentage was greater than 90%; these results allow us to conclude 
that even using a much more complex matrix, such as saline water, the removal of Cr(III) by 
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CoFe2O4 NPs is efficient. However, this efficiency tends to decrease when the removal 
occurs in mineral water when compared to the other matrices. 
Moreover, comparing the Cr(III) sorption kinetics to the nanoparticles in the three matrices 
(ultra-pure, mineral and saline water – Figures 18 and 19), Cr(III) removal in saline water 
was slightly faster despite the higher amount of ions present in this matrix, which could 
somehow interfere with the nanoparticles in the removal of Cr(III). 
 
3.2.1. Effect of organic matter 
The influence of interfering substances - dissolved organic matter - in the removal of Cr(III) 
was evaluated. As already mentioned, these experiments were carried out in the matrices 
previously tested (mineral and saline water), at different values of pH (4, 6 and 10), to which 
humic salt solutions with concentrations of 5 and 10 mg/L were added. For comparison, the 
same amount of CoFe2O4 NPs was used in all the tests (100 mg/L).  
The variation of the normalized concentration of Cr(III) in solution in function of contact 





Figure 20 - Profile of variation of the normalized concentration of Cr(III) in aqueous solution (mineral and 
saline water with 5 and 10 mg/L of dissolved humic acids – HA) at different pH (4, 6 and 10), in function of 
contact time with magnetic CoFe2O4 NPs (using 100 mg/L). 
 
Humic acids have been reported in literature for the removal of Cr(III). In this way, the 
variation of the normalized concentration of control – that is a mono-elemental aqueous 
solution of Cr(III) to which no NPs were added – was also represented in Figure 20. As can 
be seen, there is a decrease in control concentration over time; that is, Cr (III) is not removed 
exclusively by the NPs and some of this removal is due to the presence of humic acids (HA). 
To facilitate the analysis of the influence of humic acids in the chromium removal, a Table 
summarizing the Cr(III) removal percentage after 48 hours for the two matrices and for the 
different concentrations of humic acids is presented above. 
 
Table VII – Removal percentage of Cr(III) after 48 hours for different values of pH, in mineral and saline 















pH 4 51% 65% 71% 79% 91% 92%
pH 6 88% 84% 82% 98% 99% 97%




At pH 4, both in mineral water and saline water, as the HA concentration increases, the 
percentage of Cr(III) removal also increases. Also, there is no competition between Cr(III) 
and HA. 
At the higher pH values (6 and 10), the percentage of removal tends to decrease slightly with 
the presence of humic acids, being the effect most pronounced in mineral water. It is also 
found that as HA concentration increases, the competition between HA and Cr(III) becomes 

























4.1. Removal of chromium from waters 
The study of several parameters, such as the amount of sorbent, pH, ionic strength of the 
solution and the presence of organic matter, for the removal of Cr(III) using CoFe2O4 NPs 
allowed a broad understanding of the behaviour of this material in different conditions. 
 
4.1.1. Chromium sorbed in the NPs 
All the NPs were characterized after removal tests by FTIR-ATR to confirm the bond of 
Cr(III) to the NPs. It was observed that on the contrary to Fe3O4@Cr NPs, the comparison 
between the spectra of MnFe2O4@Cr and CoFe2O4@Cr NPs shows slightly changes in the 
intensity of bands and deviations of ca. 20 1/cm in the band of metal–oxygen bond. This 
difference between materials can be explained by the fact that Fe3O4 NPs just removed about 
60% and in the case of other ferrites the sorption percentage was superior to 95%; in the 
other hand, these difference can be associated to the binding mechanism between Cr(III) and 
the NPs. So, in the case of manganese and cobalt ferrites, the deviation of metal–oxygen 
bond band may suggests the bond of Cr(III) to the oxygen atoms of NPs, being that in this 
case it seems to occur a partial substitution of Fe(III) ions by Cr(III) ions. This is in 
accordance to Luther et al. (2013) published work, in which exchange mechanism is referred 
as the mechanism for the binding. In the case of interaction between Fe3O4 NPs and Cr(III) 
ions, since there is no evident change in the spinel structure, Cr(III) may precipitate as an 
insoluble hydroxide on particle surface (Simeonidis et al., 2015). 
Besides this analysis, CoFe2O4@Cr NPs were also analysed by X-ray diffraction and the 
results corroborate the hypothesis of iron sites substitution in cobalt ferrite's structure by 
Cr(III) ions, participating in mixed oxides. In XRD diffractogram of Figure 8, in addition to 
the presence of new peaks, disappearance (or attenuation) of others was detected and this 
change in relation to the diffractogram of the starting materials (prior to contact with Cr (III) 
in the removal studies) may be consistent with changes in the structure of the initial spinel; 
there are also deviations in two of the most intense peaks of the spinel – the peaks 
corresponding to the crystalline planes (2 2 0).and (3 1 1) appeared at 2θ equal to 29.81 and 





4.1.2. Effect of amount of sorbent 
For all mass values used, a decrease in the Cr(III) concentration in the liquid fraction occurs 
over time. It is also verified that as the mass of NPs increases, the residual concentration of 
Cr(III) in solution tends to decrease, so the removal efficiency increases. This can be 
explained by the fact that the smaller the amount of material used, the lower the number of 
sites available for sorption of Cr(III). However, the amount of Cr(III) removed per milligram 
of nanoparticle increases with the decrease of the nanoparticle mass used, which means that 
the sorption capacity significantly increased. 
Removal percentage with manganese ferrite (Figure 21) was higher than removal percentage 
with magnetite and cobalt ferrite for all amounts of material (manganese ferrite was 36-67% 
and 6-34% more efficient, respectively). This observation could be explained by the point 
of zero charge of these particles, which could have influence on the interactions between the 
NPs and the Cr(III) ions. At pH > PZC the surface is negatively charged while at pH < PZC 
it develops positive charge (by protonation of oxygen atoms). In this way, for the pH values 
used in these tests (ca. 6), the surface of manganese ferrite is positively charged while the 
other NPs surface is negatively charged. On the other hand, Cr(OH)3 is the predominant form 
of Cr(III) in solution at pH 6. So, the different PZC values of the NPs is not the explanation 
for the differences in the removal. 
 
 
Figure 21 - Profile of variation of the removal percentage of Cr(III) in aqueous solution, according to the 
different amounts of magnetic NPs (Fe3O4, MnFe2O4, CoFe2O4) tested. 
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Thus, another approach must be taken. Then, the results obtained for Cr(III) removal with 
manganese ferrite may be due to good affinity of this element with manganese, related with 
exchange of electrons, as reported in the literature for other elements as As(III) (Parsons et 
al., 2009); the explanation for the different efficiency of removal with the three materials 
tested may be due to the possible different electron transfers from either the Fe, Mn or Co 
ions (Parsons et al., 2009). 
 
4.1.3.  -Effect of pH 
The removal of chromium using CoFe2O4 NPs is influenced by the relative amount of certain 
species of this ion in solution (speciation), so the pH is one of the most important parameters 
affecting the metal sorption onto sorbents.  
Redox potential of removal tests at different values of pH was measured in order to know 
which the chromium specie in contact with cobalt ferrite NPs was. According to the results 
obtained, CrOH2+ was the specie in solution at pH 4 while Cr(OH)3 was the specie in solution 
at pH 6 and 10 (Figure 22). 
 
 
Figure 22 - Eh-pH diagram of Cr-O-H system, in aqueous media, at 25ºC and 1 bar (Jin et al., 2016). The 




As noted previously, the removal is increasingly efficient as the pH (4, 6 and 10) of the 
solution is increased. At pH 4, besides the predominance of a specie different than that 
present at pH 6 and 10, at low pH the hydrogen ions are strongly competing sorbates (Rocha 
et al., 2014), which can explained the low removal percentages (35% and 72%) since they 
compete with Cr(III) for the active sites in the material. Comparing the results obtained at 
pH 6 and 10, at pH 10 the sorbent material will be surrounded by hydroxyl groups, producing 
a negative surface charge and as a result, the sorption of cationic species – Cr(III) in this 
case – will be favourable.  
 
4.1.4. Effect of ionic strength  
The ionic strength of the solution is another parameter which may influence the sorption 
process, since the ions present compete with Cr(III) for the binding to NPs. 
Cobalt ferrite NPs are clearly efficient for the removal of Cr(III) from more complex 
matrices as presented above, suggesting that they are very promising materials to be applied 
in wastewater and industrial effluents treatment. 
Despite the slightly decrease of removal efficiency in mineral water when compared to the 
results obtained from ultra-pure water, the values of removal efficiency obtained at pH 6 and 
10 were satisfactory, ranged between 80 and 99% (Figure 23); At pH 4, besides the 
competition between Cr(III) and hydrogen ions, there are other ions in mineral water 
competing for the limited number of binding sites. 
Contrary to what happened in the mineral water matrix, the removal of Cr (III) from saline 
water was more efficient than the removal of ultra-pure water, with higher removal 
percentages achieved (Figure 23). According to the literature (Rocha et al., 2014), the 
formation of chloro complexes with some metals can occur in the presence of inorganic 
ligands like chloride (which is present in saline water). Depending on the affinity of chloro 
complexes to the sorbent surface, the sorption can be positive or negatively affected. In this 
way, an enhance in the Cr(III) removal from saline water can occur if the chloro complexes 
have a higher affinity to the CoFe2O4 NPs surface than the Cr(OH)3 (dominant Cr species at 






Figure 23 - Profile of variation of the removal percentage of Cr(III) in aqueous solution using CoFe2O4 NPs, 
according to the solution pH and the amounts of material used, for the matrices tested. 
 
4.1.5. Effect of organic matter 
In the removal of Cr(III) in the presence of dissolved organic matter (humic acids were used 
in the studies carried out in this work) two aspects must be taken into account.  
On the one hand, experiments without NPs (designated as control) demonstrate a decrease 
in the concentration of Cr(III) with time, which is predictable, since humic acids have been 
used as sorbents for Cr(III) removal (Santosa et al., 2008). As shown in Figure 24, higher 
the concentration of humic acids in solution, the greater its influence on the removal (for pH 
6 and 10). 
On the other hand, dissolved humic acids act as a strong complexing agent (Rocha et al., 
2014) and this is the reason for the decrease in the removal efficiency (at pH 6 and 10) as 
the concentration of humic acids increases. Note that to occur complexation, it is necessary 
a minimum concentration of each specie involved in the reaction. In the presence of humic 
acids, a fraction of Cr(III) in solution becomes unavailable due to the formation of stable 
complexes between humic acids and Cr(III), resulting in a decrease in the uptake of this 
metal by the NPs. Even so, considering only the Cr(III) not complexed with humic acids, the 
values of removal efficiency obtained were superior or equal to 80 and 90% at pH 6 and 10, 
respectively (Figure 24). Regarding the kinetic profile of the removal of Cr(III) by cobalt 
ferrite NPs at pH 4, it is positively affected by the presence of dissolved humic acids; these 
results show that the Cr–humic acids complexes formed have a higher affinity to the 
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CoFe2O4 NPs surface than the Cr(OH)2+ and the influence of humic acids in the Cr(III) 












































Mineral water Saline water
 
Figure 24 - Profile of variation of the removal percentage of Cr(III) in aqueous solution (mineral and saline 
water, both with dissolved organic matter) using CoFe2O4 NPs (100 mg/L), according to the solution pH (4, 6 
and 10) and the amounts of material (50 and 100 mg/L) used, showing in influence (in %) of different humic 
acids (HAs) concentration in the removal of Cr(III)). 
 
4.1.1. Kinetic studies  
This section presents the graphical adjustment of the kinetic models of pseudo 1st order, 
pseudo 2nd order and Elovich to the experimental data (only for the best results – tests with 
removal percentages superior to 95%) in order to determine which model from among those 
used best describes the removal process of Cr(III) by the ferrite NPs with core of cobalt. 
All kinetic models used have the same number of parameters (two), implying that they have 
the same number of degrees of freedom; thus, the parameter R2 corresponds to a valid 
criterion for making a comparison of the adequacy of the various models used in adjusting 
the experimental results. 
Regarding the removal of Cr(III) by 100 mg/L of CoFe2O4 NPs at pH 10 in saline water 
(either in the presence or not of dissolved organic matter) (Figure 25 d and f), adjustment 
of the kinetic models considered to the experimental data seems to indicate that with any 
model, the results obtained are adequately modelled (see Table VIII). However, it is 
necessary a careful interpretation because the removal kinetics in these two cases is so fast 
that the steady state is achieved in a very short time. A correct application of such models 
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requires a relatively large set of points in the area of the graphic qt vs t wherein the chromium 
concentration effectively decreases (increases qt).  
For cases in which the existence of chromium removal with high efficiency (>95%) by the 
CoFe2O4 NPs was verified, the graphics qt vs. t and the respective adjustments of kinetic 
models are described below. Note that the legend used in the first graph applies to the 




















Figure 25 - Adjustment of the kinetic models of pseudo 1st order, pseudo 2nd order and Elovich to the results 
obtained in Cr(III) removal test with efficiency superior to 95%, by the CoFe2O4 NPs. 
 
In the cases corresponding to a removal at pH 6 (Figure 25 g-j), a simple visual inspection 
of graphs depicted shows that the kinetic model Elovich corresponds to a best adjust of the 
experimental results. Regarding the removal at pH 10, this observation is not so simple. In 
this case, it is necessary to use the parameter R2 to determine which is the model that 
corresponds to a more efficient adjustment. The values obtained for the parameters of the 
kinetic models used in this study are presented in the Table VIII. Given the table data 
presented there, it is observed that the model that best adjusts the removal of Cr(III) at pH 
10 from saline water (Figure 25 e-f) is the pseudo 2nd order model, while from the other 
matrices (Figure 25 a-d) the results were better fit by the pseudo 1st order model. However, 
the R2 value obtained in the removal of Cr(III) from ultra-pure water at pH 10 (using 50 
mg/L of NPs), from mineral water at pH 10 (using 100 mg/L of NPs) and from saline water 
at pH 6 (using 50 mg/L of NPs) (Figure 25 a, c and g. respectively) is not very high, 
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indicating that probably no kinetic models used adjusts efficiently the experimental results. 
On the other hand, the high value of R2 in the removal of Cr(III) from ultra-pure water at pH 
10 (using 100 mg/L of NPs) (Figure 25 b) can be due to the lack of points in the area of the 
graphic wherein the qt increases. 
The sorption of metals to magnetic NPs is a complex process and involves several 
mechanisms, such as adsorption on the NPs surface and pores, ion-exchange, surface 
precipitation and complexation and chelation (Rocha et al., 2014). Regarding the 
experimental results better adjusted by pseudo 1st order model, chemical sorption is the 
mechanism associated to the sorption process (Ho and Mckay, 1998) and the surface of the 
material is considered homogeneous, so only one binding mechanism should occur; for the 
studies whose sorption kinetics follows pseudo 2nd order model, the sorption is controlled by 
the chemisorption process involving valency forces (sharing or exchange of electrons 
between the sorbent and sorbate) or ionic forces (ion exchange) (Ho, 2006), being that more 
than one binding mechanism may occur. Contrary to the models of pseudo 1st order and 
pseudo 2nd order, which involve certain mechanistic assumptions allowing to obtain some 
conclusions regarding the type of mechanism involved in adsorption processes that they 
model, the Elovich equation is semi-empirical and there is no a consensus regarding its 
nature. Thus, the mechanism associated with the sorption processes involved in the tests at 
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5.1. Conclusions  
The increase of population and contamination affect the extension of water reservoirs with 
quality for human consumption. So, there is a need to reduce consumption and to find 
solutions to recuperate the quality of waters, crucial to ensure the survival and maintenance 
of the quality of life of living beings and essential to the ecosystems that sustain them. 
Chromium is among the most toxic trace elements, according to EPA; also, it is on the list 
of priority substances (ATSDR, 2017). Published literature in the last decade shows that 
nanomaterials exhibit high adsorption capacity for chromium species though most studies 
have focus on mono-elemental spiked ultra-pure water. Despite their effectiveness and 
relative low-cost, the practical uses of nanomaterials for decreasing chromium 
concentrations in simple aquatic matrices, requires further research. The viability and 
success of nanomaterials as sorbents depends on crucial factors that need to be evaluated, 
such as: the effect of natural and artificial chelators commonly present in contaminated 
waters; effect of interferences, such as trace elements competing with chromium sorption; 
reduction of the mass of sorbent per water volume or recovery processes that minimizes 
wastes which ultimately might result in the discharge of nanoparticles to the environment. 
In this work, it was possible to synthesize nanoparticles of magnetite, manganese ferrite and 
cobalt ferrite. NPs were well characterized and their sorption capacity for Cr(III) was 
investigated, being that cobalt ferrite NPs were intensively studied. Considering the results 
presented, it can be concluded that both manganese and cobalt ferrite nanoparticles are 
efficient for Cr(III) removal; with magnetite NPs it would be necessary to use high amounts 
of material to obtain the same results as with less amount of manganese and cobalt ferrites. 
For all the studied experimental conditions, CoFe2O4 NPs proved to be a very efficient 
material in the removal of Cr(III) from water, except at low pH (pH 4) and/or using less 
amount of material (10 mg/L). In the study of the influence of pH on the removal process, it 
was verified a more favourable (and faster) sorption of chromium as the pH of the solution 
increases, yielding removal percentages between 35 and 97% when using 50 mg/L of NPs 
and percentages between 72 and 99% when using twice that amount of material. The 
efficiency of cobalt ferrite NPs for Cr(III) removal was tested in more complex matrices 
(mineral and saline water), which allowed to evaluate the effect of ionic strength on the 
ability of these nanomaterials to remove chromium from water; in general, removal is less 
efficient in mineral water compared to removal in ultra-pure water, but efficiency increases 
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in saline water. Relative to the effect of dissolved organic matter in mineral and saline water, 
this effect is also not significant in terms of competition with Cr(III), decreasing less than 
10% maximum removal efficiency at pH 6 and 10 and improving removal at pH 4 (leading 
to an increase in efficiency of up to 20%). 
Regarding sorption kinetics of Cr(III), the model that best adjusted the experimental data 
was the pseudo 1st order model (for tests at pH 10 in ultra-pure, mineral and saline water 
with dissolved organic matter), the pseudo 2nd order model (for tests at pH 10 in saline 
water), and the model Elovich (for tests at pH 6).  
Finally, cobalt ferrite NPs are an excellent option for water treatment due to the ease and 
reproducibility of synthesis, rapid removal of waters by magnetic separation, combined with 
the fact that this material causes low amounts of solid waste, and the possibility of being 
reused reducing its cost. 
 
5.1. Suggestions for future work 
Associated with the rapid growth of nanotechnology in recent years, concerns about the 
environmental impact of nanomaterials have grown. In this context, some studies (Giakisikli 
and Anthemidis, 2013) report the possibility of reusing these materials in certain 
applications, such as preconcentration methods. Thus, as a suggestion for future work, it 
could be interesting to evaluate the viability and cost benefit balance of the recycling of NPs 
as an alternative to its simple release to the environment. In the particular case of NPs used 
in this work, it could be interesting to explore the reuse of CoFe2O4 NPs since, due to their 
low coercivity, they are easily demagnetized.  
Regarding the removal studies, it would be important to evaluate the influence of other 
contaminants, such as drugs/pharmaceuticals in chromium removal from waters, since some 
compounds are frequently detected in natural waters and can influence the performance of 
chromium removal. The size of the NPs can also be a parameter to consider in the future, 
analysing the pros and cons of changing the dimensions of the NPs in the removal process 
efficiency and the subsequent separation of the NPs. Moreover, before the application of 
cobalt ferrites nanoparticles in the total chromium removal from real wastewaters, it would 
be necessary to study in the laboratory their behaviour in such conditions. 
In addition to the kinetic studies, a sorption process may be further characterized by balance 
studies. These studies are carried out at controlled temperatures (hence, the respective 
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associated mathematical models are often referred to as isothermal) and involved studying 
qe vs Ce, being useful to determine the maximum sorption capacity of a particular sorbent 
for a given adsorbate. Another suggestion for future work will be to proceed to balance 
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Table IX - Nanomaterials for Cr removal with respect to the conditions used as reported in the literature in the last 10 years (since 2007).  













Uptake capacity (mg/g) or 





S n(II) oxy-hydroxides 
NPs (pH synthesis) 
 
Sn6O4(OH)4 (pH 2) 
 




Sn6O4(OH)4 (pH 2) 
Sn6O4(OH)4 (pH 4) 
SnO2 (pH 6) 
SnO2 (pH 9) 
Sn3OSO4(OH)2 (pH 2) 
Sn6O4(OH)4 /SnO (pH 4) 
Sn6O4(OH)4 /SnO (pH 6) 
Sn6O4(OH)4 /SnO (pH 9) 
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Cr(VI) ~31 (30ºC, Sn6O4(OH)4 pH 2) 
 
 
29.359 (pH 6), 23.440 (pH 7), 
21.359 (pH 8) 
10.354 (pH 6), 8.112 (pH 7), 





































NPs (pH synthesis) 
 
Sn6O4(OH)4 (pH 2) 
 
Sn6O4(OH)4 (pH 4) 
Sn6O4(OH)4 /SnO (pH 4) 


































et al., 2017) 
Nano-ZrO2 
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0.50, 1.0, 1.5, 2.0, 











































































1040, 2080, 3120, 
4160, 5200, 6240, 
7279, 8319, 9349,  









































187 (500 mg/L, Nano-ZrO2-
glu-CMC) 
73 (500 mg/L, Nano-ZrO2-
glu-CMC) 
 
3-26 Nano-ZrO2 (pH 7) 
44-58 Nano-ZrO2-glu-CMC 
(pH 7) 




26 Nano-ZrO2 (1 h) 
62 Nano-ZrO2-glu-CMC (1 h) 
6 Nano-ZrO2 (1 h) 




94 Nano-ZrO2 (500 mg/L) 
187 Nano-ZrO2-glu-CMC 
(500 mg/L) 
10 Nano-ZrO2 (500 mg/L) 
73 Nano-ZrO2-glu-CMC  
(500 mg/L) 
 
62 Nano-ZrO2  
(10 400 x103 μg/L) 
89 Nano-ZrO2-glu-CMC 
(10 400 x103 μg/L) 
18 Nano-ZrO2  
(10 400 x103 μg/L) 
54 Nano-ZrO2-glu-CMC  
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(Valle et al., 
2017) 
K2Mn4O9 





































































33% (pH 6)/ 41.8 (45ºC) 
23% (pH 2) / 4.22 (4ºC) 
 
~5-33% (pH 6) 
~3-23% (pH 2) 
 
 
21.7 (4ºC), 36.5 (25ºC), 41.8 
(45ºC) 
























(depending on the type and 


























































































0.1, 0.2, 0.3, 0.4, 























































Cr(VI) 739.7 (500 x103 μg/L) 
 
234.3 (0.17h), 237.2 (0.50h), 
239.7 (0.83h), 243.1 (1.2h), 
249.7 (1.5h), 249.7 (1.83h), 
249.8 (2.0h) 
 
124.9 (50 x103 μg/L), 249.7 
(100 x103 μg/L), 350.4 (200 
x103 μg/L), 384.5 (250 x103 
μg/L), 444.0 (300 x103 μg/L), 
739.7 (500 x103 μg/L) 
 
675.2 (100 mg/L), 394.7 (200 
mg/L), 315.2 (300 mg/L), 249.7 
(400 mg/L), 199.9 (500 mg/L), 
166.6 (600 mg/L), 142.8 (700 
mg/L) 
 
249.7 (pH 1.09), 249.7 (pH 
2.05), 242.3 (pH 3.0), 235.5 (pH 
4.02), 234.6 (pH 5.04), 231.6 






2.05 15, 20, 25, 30, 
35, 40 
0.4 1.5 100 197.4 (15ºC), 208.0 (20ºC), 
239.9 (25ºC), 246.3 (30ºC), 
249.7 (35ºC), 249.7 (40ºC) 
(Lu et al., 
2017) 
MNP/MWCNTs 









1, 2, 3, 4, 
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Cr(VI) ~98% (1000-2000 mg/L) 
42.02 (45ºC) 
 
~15-95% (pH 2) 
 
 
~61-98% (1000-2000 mg/L) 
 
 
22.22 (25ºC), 39.68 (35ºC), 
42.02 (45ºC) (depending on 
the material type) 
 
4.964 (5 x103 μg/L), 9.457 
(10 x103 μg/L), 13.43 (15 x103 





















2.0  1.0  10 Cr(VI) ~92-95% (depending on the 














































































































Cr(VI) 99.7% (6000 mg/L) 
861.11 a  
 
~65-99% (pH 2) 
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Milli-Q water 6 r.t. 6.7 24 50 Cr(VI) ~35% 
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Cr(VI) 98.45 % (55ºC, 75 x103 μg/L) 
16.73 (55ºC) 
 
65.50-91.76% (75 x103 μg/L) 
 
~62-93% (12 x103 mg/L) 
 
 
































































































































































































































Cr(VI) 12.61 (100 x103 μg/L,  
MIO-MWCNTs) 






4.54 – 5.93 (4 h) 
4.80 (4 h)  
5.27 (4 h) 
 
12.6-80.8% (5 x103 μg/L) 
4.04-12.61 (100 x103 μg/L) 
 










et al., 2016) 
CN-coated AC 
Bituminous activated 




CN coated on AC by the 
dip coating method  
CN-AC/WI 
CN coated on AC by the 


















































Cr(VI) 77.52 (CN-AC/DC) 
61.7% (0.1 x103 μg/L,  
CN-AC/DC) 
 
61.35 CN NPs 
57.47 CN-AC/WI 
77.52 CN-AC/DC 
38.5-61.7% CN-AC/DC  










modified with cetyl 
trimethyl ammonium 
bromide (CTAB) 


















































Cr(VI) 94% (5 x103 μg/L, pH 2.03, 
18 340 mg NPs/L) 
18.716 b (25 x103 μg/L) 
 





























































































~40-94% (5 x103 μg/L, 1h) 
 
~52-94% (20 000-24 000 
mg/L) 
 
~64-94% (5 x103 μg/L) / 
0.8952 
~54-87% (5 x103 μg/L) / 
0.8204 
~50-70% (5 x103 μg/L) / 
1.0149 
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Cr(VI) 96.3% (10 x103 μg/L) 
86.25 (400 mg/L) 
 
33.05-65.5% (pH 3) 
13.1 (pH 3) 
 
34.5-92.8% (5000 mg/L) 





16.33-96.3% (10 x103 μg/L) 
 
 
83% / 15.625 
17.636 




(Bisht et al., 
2016) 
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Cr(VI) 99.90% / 499.5 (30 mg/L, 
MIONPs) 
34.06% / 170.33 (30 mg/L, 
IONPs) 
 
320.17-499.5 (30 mg/L) 
MIONPs  































































































200, 400, 600, 800, 
1000 
64.03% (5 mg/L), 77.67% (10 
mg/L), 89.16% (15 mg/L), 
93.77% (20 mg/L), 96.65% 
(25 mg/L), 99.90% (30 mg/L) 
MIONPs  
17.37% (5 mg/L),19.15% (10 
mg/L), 22.41% (15 mg/L), 
25% (20 mg/L), 29.05% (25 
mg/L), 34.06% (30 mg/L) 
IONPs 
 
163.97 (3h), 452.26 (18h) 
MIONPs  




82.80-367.67 MIONPs  
(1000 x103 μg/L) 
37.55-106.33 IONPs 





















































































62.5, 125, 250, 500, 
750, 1000 
Cr(VI) 98% (62.5-125 x103 μg/L) 
55.71 
 
~94.1-97.4% (pH 7) 
 
 



























1.5, 1.8, 2.2 











Distilled water 3-10 
 
 





















































Cr(III) 42% (pH 10, 400 mg/L) 
1.119 
 
2.5-42% (pH 10, 0.33 h) 
 
 









(Khan et al., 
2016) 
Fe-Cu binary oxide 
NPS 

















































































































Cr(VI) ~100% (100 mg/L,  
1 x103 μg/L)  
71.43  
 
~10-50% (1 x103 μg/L) 
81.3% (1 x103 μg/L) 
76.54% (5 x103 μg/L) 
71.43% (10 x103 μg/L) 
73.76% (25 x103 μg/L) 
~92-98% (1 x103 μg/L) 
~99-100% (1 x103 μg/L) 
 
27.9% (100 mg/L), 76.54% 
(500 mg/L), 97.48% (1000 
mg/L), 99.86% (2000 mg/L) 
 
41.25% (pH 1), 76.54%  
(pH 3), 71.5% (pH 5), 53.28% 
(pH 7), 26.82% (pH 9) 
 










MIN Magnetic iron 
oxide nanoparticles 
MIN-TW Magnetic iron 
oxide nanoparticles/tea 
waste composite 



























































































































































































































































98.27% (MIN-SB, 1h,  
1125 mg/L)   







83.86% / 45.93 (pH 6)  
78.46% / 39.23 (pH 6) 
94.23% / 47.11 (pH 6) 
 
90.90% / 227.25  
(250 x103 µg/L) 
89.82% / 224.558 
(250 x103 µg/L) 
96.74% / 241.87  
(250 x103 µg/L) 
 
93.03% / 232.59 (0.92 h) 
92.83% / 232.08 (1 h) 
98.27% / 245.68 (1 h) 
 
93.03 % (1125 mg/L)  
232.59 (500 mg/L) 
92.83% (1125 mg/L)  
232.08 (500 mg/L)    
98.27% (1125 mg/L)  
245.68 (500 mg/L)    
 
502.779 c  
466.773 c  
518.134 d  
 
323.59 (30ºC), 242.92 (35ºC), 
246.89 (45ºC) 
232.08 (30ºC), 241.99 (35ºC), 
245.52 (45ºC) 






























































 Cr(III) ~229-243  
~228-240  
~243-247  



































































































~100% (5 x103 µg/L) 
30.03 
 
~65-92.8% (pH 2) 
 
 
10.1-99.7% (6000 mg/L) 
 
1.44 / 99.7% (1h) 
13.92 / 81.8% (1h) 
 
30.03 























(depending on the 



























































































~75% (4000 mg/L) 
34.9 (45ºC) 
 
10-58.4% (pH 2) 
 
 
30% / 14.01 
57% / 16.13 b 
































































sílica functionalized with 
amine group  










































































Cr(III) 340 (62.5 mg/L) 
99% (pH 2 / 30 x103 µg/L) 
 
5.80-49.50 (pH 2) 
11.5-99% (pH 2) 
 
29-122 (250 x103 µg/L) 
~49-99% (30 x103 µg/L) 
 
~30-115 (125 x103 µg/L) 
 
~340 (62.5 mg/L) 








































0.50, 1.0, 1.5, 2.0, 




























50, 100, 150, 250  
 
Total Cr 334.80 (500 mg/L) 
 71.37% (1500 mg/L) 
 
34.68-334.80 (500 mg/L) 
~50-71.37% (1500 mg/L) 
 
~80 / ~60% (2 h) 
 
~10-40 (250 x103 µg/L) 
~25-30% (50 x103 µg/L) 
 









































































Cr(VI) ~100% (pH 6.5, 3 h / 
 pH 7.0, 4 h)  
4 (pH 5) 
 
~1.1 (24 h) 
 
1-4 (pH 5) 
 
~100% (3 h) 
~100% (4 h) 













































































Cr(VI) ~26 (2000 mg/L) 
 
~12 (2 h) 
 






~3-12 (160 x103 µg/L) 
 
 
~10.5-12 (500 mg/L) 




























































0.50, 1.0, 1.5, 2.0, 



































10, 30, 50,70, 90, 
110  
Cr(VI) 94.46% (70 x103 µg/L) 
38.51 (500 mg/L) 
 
61.75% CS-CA (1-2 h) 




52.89-86.83% (pH 3) 




3.88-38.51 (500 mg/L) 
 
53.42-94.46% (70 x103 µg/L) 























2, 3, 4, 5, 6, 


































20, 25, 30, 35, 



















0.25, 0.50, 0.75, 
1.0, 1.25, 1.5, 



































5, 10, 15, 20, 25,  


















Cr(VI) 98.8%  
50.0 (250 mg/L) 
 
~35% (2.5-5.8 h) 
~8 (2.5-5.8 h) 
 
21.9-91.0% (5 x103 µg/L) 
3.5-8.55 (25 x103 µg/L) 
 
 
20-73.2% (pH 4) 




50-80% (1250 mg/L) 











































































5, 10, 20, 50, 100  
Cr(VI) 85.85 (20 x103 µg/L) 
 
75.47 (pH 7) 
 
 




83.01 (100 mg/L) 
 
 
85.85 (20 x103 µg/L) 
Mono 
elemental 






























11.9 20 0.66 Anoxic 
0.66 Oxic 
0-200 16.69  Cr(VI) 24 










coated with silane 
coupling agent (VTES) 





















2, 2.5, 3, 
3.5, 4, 4.5, 
































1.0, 2.0, 3.5, 4.0, 




































































6  5.0 4.0 
 


















































































Cr(VI) 100% (pH 2, 4000 mg/L,  
20 x103 µg/L, 40ºC) 
 
35.7-100% (pH 2) 
 
 
29.1-100% (4000 mg/L) 
 
 





















    20  Cr(VI) 80-100%  
(depending on the type and 



























































25, 35, 45 
 
 

























































Cr(VI) 44% (1h, 2000 mg/L) 
8.90 (45ºC) 
 
~ 27-42% (pH 2) 
 
 






4.35 (25ºC), 4.50 (35ºC), 4.72 
(45ºC) 
 




































































































































100% (pH 4, 0.25 h) / 0.555 
100% (pH 4, 0.33 h) / 1.705  
(depending on the material type) 
 
0-100% (pH 4, depending on the 
material type) 
50-100% (pH 4, depending on 
the material type) 
 
~10-100% (0.25 h, depending on 
the material type) 
~70-100% (0.33 h, depending on 
the material type) 
 
0.555 


























~25-100 %  
(depending on the material type 
and on the type and concentration 



























4, 26, 45 
 
 













































90% (pH 2)/ 54.4 (45ºC) 
85% (pH 2) / 5.8 (45ºC) 
 
~60-90% (pH 2) 





18.7 (4ºC), 41.7 (21ºC), 54.4 
(45ºC) 












1, 2, 3, 4, 5, 



















































Cr(VI) ~99% (pH 3, 100 x103 µg/L) 
35.186  
 














3 30  0.67 100  Cr(VI) ~94-98% (depending on the 





















































250, 500, 750, 













































250, 500, 750, 1000  




32.7-99.9% (pH 9) 
 
 
56.9-98.5% (1500 mg) 
 
 

















Mesoporous nickel oxide 
nanoparticles 






























1.0, 2.0, 3.0, 4.0, 





0-0.83 10-50  
 
 









Cr(VI) ~100% (10 x103 µg/L, 7000 
mg/L) / ~5 (50 x103 µg/L) 
 
~40-100% (10 x103 µg/L) 
~0-5 (50 x103 µg/L) 
 
~20-100% (7000 mg/L) 

































































1000, 2000, 3000, 
4000, 5000, 6000, 
7000, 9000, 11 000  
 
7000  
Cr(VI) 3830.58  
 
 
~1700-3830.58 (pH 4) 
 















































Fe3O4-loaded seeds  
Magnetite nanoparticles 
loaded natural seeds 
sabja 
 2 Information 
not mentioned 




















    50 Cr(VI) 80% Multi 
elemental 
(Chen et al., 
2013) 
Fe3O4/CNT NPs 




























Cr(VI) 95% (pH 2) / 60 (pH 2) 
 
~75-95% (pH 2) 










Iron(II/III) oxide or 
magnetite or ferrite 
nanoparticles 
MnFe2O4 NPs 
Magnanese(II) iron (III) 








2, 3, 4, 5, 6, 

























































0.30, 1, 5, 10, 25,  
















100% (Fe3O4, pH 6/7)   
10.638 
100% (MnFe2O4, pH 2/3)  
3.455 
 
~0-100% Fe3O4 (pH 6/7) 
~0-80% MnFe2O4 (pH 6) 
~0-60% Fe3O4 (pH 3/4) 












Magnetic chelating resin 










































0.20, 0.60, 1.0, 





























Cr(VI) 100 % (pH 4, 10 h, 1000 
mg/L, 5-40 x103 µg/L) 
250.00 
 
30-100% (pH 4) 
 
 
~100% (10 h) 
 
0-240.23 (1000 x103 µg/L) 
~25-100% (5-40 x103 µg/L) 
 




















































5.2, 10.4, 15.6, 20.8 
Cr(VI) 90% (MN-C2, pH 1.5) 
 
~30-70% MN-C1 (pH 1.5) 
~70-90% MN-C2 (pH 1.5) 
~60-80% MN-C3 (pH 1.5) 
 













NC Nanoporous carbon 
Ni-NC Nickel oxide 
onto nanoporous carbon  
Fe-NC Iron oxide onto 





2, 3, 4, 5, 6, 
7, 8, 9, 10 

























Cr(VI) 60.8 (Fe-NC, r.t.) 
 
~20.8 NC (pH 5) 
~46.8 Ni-NC (pH 4) 
































2, 3, 4, 5, 6, 


































































Cr(VI) 98.2% (100 x103 µg/L) 
83.33 (15ºC) 
 



































Wastewater   2.67 0.50 37.98 Cr(VI) 99.0% 
(Kaya et al., 
2011) 
GMDFe 





















































Cr(VI) 98% (24 h) 
163.47 (pH 2) 
 
163.47 (pH 2), 157.52 (pH 4), 
94.38 (pH 6), 77.94 (pH 8), 
27.37 (pH 10) 
 














mentioned   
r.t. 1.0 0-2.0 4.8 
8  
Cr(VI) 94.5% / ~4.5  




























































2, 5, 8 
 
 





97% (pH 2), 97% (pH 5), 86% 
(pH 8) 
 




























Milli-Q water 4-9 
 
 

















































































82.2   
75% (pH 5, 50 x103 µg/L) 
 
~2-15 (pH 4) 
 
 


























































































































2.06 30 4000 0.026 15.67 Cr(VI) ~100% Multi 
elemental 













































































































57.2% (500 mg/L), 63.5% 
(1000 mg/L), 82.5% (2000 

















































































96% (pH 2, 1 x103 µg/L) 
 4.45 (pH 2, 2 x103 µg/L) 
 
0-96% (pH 2) / 0-2.4 (pH 2) 
0-85% (pH 2) / 0-4.45 (pH 2) 
 
70-92% (2 h) 



















































































100% (MnFe2O4, 0.083 h) 
 
~100% (0.083 h) 
~85% (0.75 h) 
~60% (0.5 h) 
~50% (0.33 h) 
~30% (0.25 h) 
~20% (1 h) 
 
99.5% (pH 2) 
~10-85% (pH 2) 
~5-60% (pH 2) 
~5-50% (pH 2) 
~0-30% (pH 2) 
~0-20% (pH 2) 
Mono 
elemental 
aNonlinear Pseudo-second-order model. bPseudo-second-order model. cLangmuir type 4 capacity. dLangmuir type 1 capacity. eThomas model column capacity. fRoom 
temperature. 
 
Note that,  
the conditions that are shaded correspond to the best uptake capacity or removal efficiency obtained; 
in general, when the type of water is not referred, the authors may have used distilled or milli-Q water; 
in the column correspondent to “Cr starting specie”, total chromium concentration was quantified in the works that refer it; in the other works no mention is made regarding 
the specie or if it is total concentration; 
in the column correspondent to “Uptake capacity (mg/g) or removal efficiency (%)”, when the value does not present units, it is the uptake capacity; otherwise, it is the removal 
efficiency; 
the value presented in parentheses in the column “Uptake capacity (mg/g) or removal efficiency (%)” corresponds to the condition that gave rise to the value of uptake capacity 
or removal efficiency presented; 
the uptake capacity values which do not presented a subscript were obtained either experimentally or by Langmuir model; 
sometimes, the authors refer to experimental conditions of experiments whose results they do not present; 
from column “Type of water” until “Cr starting specie”, the conditions mentioned are the same for the below lines 
  
 XXVI 
 
 
